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Abstract: A class of chiral gauge theories is studied with accidentally-stable pseudo
Nambu-Goldstone bosons playing the role of dark matter (DM). The gauge group contains
a vector-like dark color factor that confines at energies larger than the electroweak scale,
and a U(1)D factor that remains weakly coupled and is spontaneously broken. All new
scales are generated dynamically, including the DM mass, and the IR dynamics is fully
calculable. We analyze minimal models of this kind with dark fermions transforming as
non-trivial vector-like representations of the Standard Model (SM) gauge group. In realistic
models, the DM candidate is a SM singlet and comes along with charged partners that can
be discovered at high-energy colliders. The phenomenology of the lowest-lying new states is
thus characterized by correlated predictions for astrophysical observations and laboratory
experiments.
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1 Introduction
In the Standard Model (SM) of particle physics the mass spectrum of the theory, with the
exception of neutrinos, is explained in terms of just two fundamental scales, i.e. the scale
of QCD confinement and the electroweak (EW) scale. The QCD scale is generated through
dimensional transmutation in terms of the QCD coupling and is thus dynamical. The EW
scale, on the other hand, is set into the theory by hand through the Higgs mass term,
and is moreover notoriously sensitive to UV corrections. This makes the SM description
of the EW sector less predictive and compelling compared to the minimal and elegant
characterization of the hadronic dynamics. Theories beyond the SM have been constructed
– such as Composite Higgs [1–6], SUSY with radiative EW symmetry breaking [7, 8], or
Cosmological Relaxation [9]– where the electroweak scale is dynamically generated. The
neutrino masses, which are generated by a dimension-5 operator in the SM effective theory,
could be also set by a dynamical scale in a more complete theory, such as for example a
Grand Unification Theory (GUT) or a theory with Dirac neutrinos.
If the Dark Matter (DM) in our Universe is made of one or more new particles, it
is natural to ask whether its mass is generated dynamically or if it entails yet another
arbitrary fundamental scale. Theories where the DM mass is not dynamical (unless one
considers a deeper layer of theoretical description), have been largely explored and include
popular models like neutralino DM in Supersymmetry (see Ref. [10] for a review) and
Minimal DM models [11]. Theories where the DM mass is dynamical, on the other hand,
have been less thoroughly studied and classified. While the possibility that the DM mass
is set by the QCD or EW scales seems disfavored by data, it is still possible –and in fact
plausible– that the GUT scale or the dynamical scale from a new strongly-coupled gauge
theory may play this role. Strongly-coupled gauge theories can lead to a variety of DM
candidates and have been intensively studied in the literature. The new strongly-coupled
dynamics may be at the origin of electroweak symmetry breaking, as in Technicolor and
Composite Higgs theories, or be comprised in a ‘dark’ or ‘mirror’ sector. Recent results
along these directions are reviewed in Refs. [12] and [13–15], see also Ref. [16] and references
therein. Most of the work on dark sectors has focused on vectorlike confining theories [17],
where the dynamical scale is generated through dimensional transmutation. Their infrared
(IR) behavior can be inferred from that of QCD, and their chiral symmetry breaking
pattern preserves the SM group, in accord with the Vafa-Witten theorem [18] and vacuum
alignment arguments [19, 20]. A classification of vectorlike dark sector models with fermions
charged under the SM gauge group was presented in Ref. [21] (see also Refs. [17, 22–24]
for previous studies of models in the same class), where it was shown that many of them
satisfy the current bounds and may lead to distinctive experimental signatures.
In this paper we focus on confining, chiral dark gauge theories, in particular those
with no fundamental dark scalar fields. Models of this kind with DM candidates appeared
for example in Refs. [25–27]. In this class of theories the masses of all the dark states
are generated dynamically, since no fermion mass term is allowed by gauge invariance.
The same is not true in vectorlike theories, since in that case bare mass terms can be
larger than the dynamical scale and determine the masses of some of the physical states,
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possibly including the DM candidate [28–30]. Chiral theories are more constrained in
general, hence less simple to construct, than vectorlike theories. The cancellation of gauge
anomalies, for example, is a non-trivial requirement that significantly restricts the possible
models. Interesting studies in this direction include techniques for finding anomaly-free
sets of fermions in theories with a U(1) chiral factor [31–33], and a method to construct
chiral theories starting from irreducible representations of a simple, anomaly-free gauge
group [34]. Chiral theories are also notoriously difficult to simulate on the lattice [35, 36],
and their IR behavior is still not known for simple gauge groups. In that case bilinear
fermion condensates cannot be singlets under both the gauge and the Lorentz group. It
has been speculated that the theory may ‘tumble’ into a Higgs phase with reduced gauge
group [37] or even break spontaneously Lorentz invariance [38], although a reasonable
possibility is that no bilinear fermion condensate forms at all at the non-perturbative level.
Lacking a clear theoretical understanding of chiral theories with simple groups, in
this work we consider models where the dark gauge group is the product of a simple,
vectorlike factor GDC (dark color), which gets strong and confines at a scale ΛDC larger
than the EW scale, times a weak factor GD. In the context of these theories, we will
specifically investigate those where the dark quarks are charged under the SM gauge group
GSM = SU(3)c×SU(2)EW ×U(1)Y , while the SM fermions are neutral under GDC ×GD.
The full gauge group GDC ×GD×GSM is assumed to be chiral. To avoid large corrections
to the electroweak precision observables, we will require that the dark quarks transform
as vectorlike representations of GDC × GSM . Depending on whether GDC × GD is chiral
and on the vacuum alignment, the dark condensate can break GD spontaneously and
preserve GSM . In absence of Yukawa couplings between the Higgs field and the dark
quarks, this ensures negligibly small corrections to the electroweak precision observables,
as in theories of vectorlike confinement [17]. Having dark quarks charged under the SM
implies a further constraint though: since the theory is chiral and mass terms are not
allowed, unification of SM gauge forces into a simple group GGUT is possible only if dark
quarks come in complete representations of GGUT . This has to be contrasted with vectorlike
theories, where GUT partners completing the multiplets can have much higher masses.
Another difference between vectorlike and chiral gauge theories will be discussed at length
in this work and concerns the accidental stability of the DM candidate: while in vectorlike
theories dark baryons are generically more stable than dark pions [21], the same is not true
for chiral theories, where the operators responsible for the dark pion decay can easily have
a very large dimension.
Chiral theories with a product gauge group GDC × GD × GSM can be classified ac-
cording to the number of irreducible representations of Weyl fermions. For a non-abelian
subgroup GD, candidate theories can be constructed with just one or two representations.
They will be studied in a forthcoming work. Here we focus on models with an abelian sub-
group GD = U(1)D; in that case the minimum number of representations to have a chiral
theory is 4. The three possible types of minimal theories are defined in Table 1, where R
and r are (generally complex) irreducible representations of respectively GDC and GSM ,
and a is a rational number. The case with fermions transforming as singlets under GSM
(r = 1) and as fundamental representations of GDC = SU(NDC) (R = F ) was studied in
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Type I
GDC U(1)D GSM U(1)3V U(1)V
ψ1 R +1 r +1 +1
ψ2 R −1 r −1 +1
χ1 R¯ −a r¯ −1 −1
χ2 R¯ +a r¯ +1 −1
Type II
GDC U(1)D GSM U(1)3V U(1)V
ψ1 R +1 r +1 +1
ψ2 R −1 r¯ −1 +1
χ1 R¯ −a r¯ −1 −1
χ2 R¯ +a r +1 −1
Type III
GDC U(1)D GSM U(1)3V U(1)V
ψ1 R +1 r +1 +1
ψ2 R +a r¯ −1 +1
χ1 R¯ −a r¯ −1 −1
χ2 R¯ −1 r +1 −1
Table 1: The three minimal classes of chiral theories with 4 irreducible representations of
the gauge group GDC × U(1)D ×GSM . All fields are left-handed Weyl fermions. Charges
under the accidental global U(1)3V ×U(1)V are indicated in the last column, separated by
a vertical line. The parameter a is an arbitrary rational number in the interval [−1, 1) for
Type II and II theories, and in the interval [0, 1) for Type I theories.
Refs. [25, 26]. There the dark color gauge group confines in the infrared forming three dark
pions, according to the pattern of global symmetry breaking SU(2) × SU(2) → SU(2)V .
The U(1)D is spontaneously broken and one of the dark pions is eaten to form a massive
dark photon. The residual global symmetry is U(1)3V × U(1)V , where U(1)V is the dark
baryon number and U(1)3V ⊂ SU(2)V is an additional vectorial factor. The two uneaten
dark pions have U(1)3V charge ±2 and are thus accidentally stable, providing a viable DM
candidate. Interactions with the Standard Model sector are achieved through a kinetic
mixing between the U(1)D gauge field and hypercharge [39].
The purpose of this work is to study the theories of Table 1 with non-trivial SM
representations r. Compared to the analysis of Refs. [25, 26], these models are characterized
by less suppressed interactions between the dark and SM sectors, and lead to experimental
signatures that are more easily testable. In particular, even though the DM candidate is a
singlet under the SM, it has charged partners that can be discovered at colliders.
The paper is organized as follows. Section 2 makes an analysis of the minimal models
of Tab. 1 and identifies those that are fully realistic. In these theories r is a fundamental
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of SU(2)EW or a fundamental of SU(3)c. The rest of the paper focuses on the model
with SU(2)EW doublets. Its Lagrangian and symmetries are discussed in Section 3, the
spectrum and the lifetimes of the lowest-lying states are analyzed in Section 4, while its
cosmological history is studied in Section 5. Sections 6 and 7 discuss the constraints set
by direct and indirect DM searches, and by collider data respectively. We present our
summary and outlook in Section 8. Finally, the content of the Appendices is as follows:
A reports useful formulas on dark pions used in the text; B gives a short description of
the model with SU(3)c triplets; C includes a detailed analysis of the Boltzmann equations
relevant for the evolution of the dark sector during freeze out; D discusses some aspects of
the phenomenology of dark photons.
2 Analysis of minimal models
The minimal models of Table 1 are all free of gauge anomalies except when r is an irreducible
(non-trivial) representation of hypercharge, in which case the only anomaly-free choice is
Type II. 1 They have fermion representations that are chiral under GDC × U(1)D ×GSM
and vectorlike under GDC × GSM . For R complex, representations under GDC × U(1)D
are chiral in Type I and II theories, and vectorlike in Type III. The physical domain of the
parameter a can be restricted to the interval [0, 1) for Type I and to the interval [−1, 1)
for Type II and III. 2 If R is real or pseudoreal, then Type II theories are overall vectorlike
and therefore not interesting for our purposes; Type I and III instead become physically
equivalent and remain chiral as long as r is complex. Similarly, if r is real or pseudoreal
then Type III theories are overall vectorlike and not interesting; Type I and II instead
become physically equivalent and remain chiral if R is complex.
The choices for the representations R and r can be restricted by requiring that the
dark color group GDC is asymptotically free (as needed to have confinement), and that the
SM gauge couplings remain perturbative (with no Landau poles) until the Planck scale.
The corresponding conditions are:
T (R) dim(r) < 118 C2(Adj) (2.1)
T (r) dim(R) ≤ 38
(
log MPlΛDC
)−1 [ 2pi
αi(mZ)
+ bSMi log
MPl
mZ
]
, i = 1, 2, 3 , (2.2)
where ΛDC is the dark confinement scale, while T (R), dim(R) and C2(R) are respectively
the Dynkin index, the dimension and the quadratic Casimir of a representation R. For the
dark color gauge group to confine, one needs also to require that the respective number
of Weyl flavors (nf ) is below the lower end of the conformal window (ncf ); this adds the
following condition
nf ≡ 4 dim(r) < ncf . (2.3)
1For a = −1 Type III theories with hypercharge are also anomaly free, since in this limit they are
equivalent to Type II.
2 One can always redefine a → 1/a by rescaling the U(1)D charge and relabeling ψi ↔ χi. In Type I
theories it is possible to further restrict a to [0, 1) by relabeling χ1 ↔ χ2.
– 5 –
Focusing on the case of irreducible representations r, Eqs. (2.1) and (2.2) can be satisfied
only if r is a fundamental of one of the SM simple group factors. Furthermore, the only
possible dark color representations turn out to be:
• R = fundamental of SU(NDC) for 2 ≤ NDC ≤ 6
• R = fundamental of SO(NDC) for 4 ≤ NDC ≤ 6 (NDC = 4 only if dim(r) ≤ 2)
• R = fundamental of USp(4) or USp(6).
In those cases where an estimate of ncf is available from lattice simulations, Eq. (2.3) is
satisfied and does not impose further restrictions.
In absence of the weak U(1)D ×GSM gauging, the pattern of global symmetries of the
theories listed above is constrained by the Vafa-Witten theorem, which ensures that the
vectorial subgroup is linearly realized [18, 40]. Assuming maximal symmetry breaking [19,
20], one has the following three patterns and corresponding numbers of Nambu-Goldstone
bosons (NGBs):
• SU(2 dim(r))L × SU(2 dim(r))R ×U(1)V → SU(2 dim(r))V ×U(1)V
in SU(NDC > 2) dark color theories with vectorlike representations
# NGBs = 4 dim2(r)− 1
• SU(4 dim(r))R → SO(4 dim(r))
in SO(NDC) dark color theories with real representations
# NGBs = (4 dim(r)− 1)(2 dim(r) + 1)
• SU(4 dim(r))R → USp(4 dim(r))
in USp(4), USp(6) and SU(2) dark color theories with pseudoreal representations
# NGBs = (4 dim(r) + 1)(2 dim(r)− 1).
The weak gauging reduces this global invariance to a subgroup and determines the vacuum
alignment. 3 In Type I theories with R complex there exists no bilinear dark condensate
that leaves U(1)D unbroken, and (up to a field redefinition) the vacuum aligns in the SM-
preserving direction with 〈ψ1χ1〉 = 〈ψ2χ2〉 6= 0. In the other theories the vacuum also
preserves GSM and has the same orientation, at least for values of the dark coupling eD
smaller than a certain critical value ecD. Assuming eD < ecD and focusing on irreducible
representations r, the residual global symmetry is
U(1)3L ×U(1)3R ×U(1)V → U(1)3V ×U(1)V , (2.4)
where U(1)3L (U(1)3R) acts on the relative phase between ψ1 and ψ2 (χ1 and χ2), and
the charges under the accidental vectorlike subgroup U(1)3V ×U(1)V are shown in Tab. 1.
3A thorough analysis of the vacuum alignment in theories with a weak chiral gauging will be reported
in a forthcoming work [41].
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R complex
Type I Type II Type III U(1)3V U(1)V
ψ1χ1 + ψ2χ2 Adj Adj Adj 0 0
ψ1χ1 − ψ2χ2 1+Adj 1+Adj 1+Adj 0 0
ψ1χ2 1+Adj S+A S+A +2 0
ψ2χ1 1+Adj S¯+A¯ S¯+A¯ −2 0
R real R pseudoreal U(1)3V U(1)V
ψ1ψ1 S A +2 +2
ψ1ψ2 S A 0 +2
ψ2ψ2 S A −2 +2
χ1χ1 S¯ A¯ +2 −2
χ1χ2 S¯ A¯ 0 −2
χ2χ2 S¯ A¯ −2 −2
Table 2: Standard Model quantum numbers of the NGBs in the minimal theories of Table 1.
We assume that r is a fundamental representation of one of the simple SM factors, and
denote the corresponding singlet, adjoint, symmetric and antisymmetric representations
respectively with 1, Adj, S and A. If the SM simple factor is U(1)Y , then those NGBs
transforming as the adjoint must be removed. Each NGB corresponds to a dark color-
singlet fermion bilinear. Theories with R complex have their NGBs listed in the upper
panel. The NGBs of theories with R real or pseudoreal are those listed in the Type I
column of the upper panel plus those in the lower panel. The last two columns report the
quantum numbers under the global U(1)3V ×U(1)V .
Notice that while U(1)3V is exact both at the classical and quantum level, the dark baryon
number U(1)V is anomalous with respect to U(1)D. The NGB implied by the symmetry
breaking in Eq. (2.4) is eaten to make the dark photon massive, and there remain no
massless NGBs.
The quantum numbers of all the NGBs under GSM ×U(1)3V ×U(1)V are summarized
in Table 2. The lightest dark particles charged under U(1)3V × U(1)V are accidentally
stable. In Type I theories with complex R, these are two dark pions (with charge ±2
under U(1)3V ) and the lightest dark baryon (with charge NDC under U(1)V ). The stable
dark pions are neutral under the SM and thus potentially good DM candidates. If r is a
doublet of SU(2)EW , then the lightest baryon can be SM singlet only for an even number
of dark colors. Theories with NDC = 3, 5 are thus excluded by the severe constraints that
exist on the fraction of DM component with non-vanishing electromagnetic charge (see
Sec. 6.2 and references therein). If r is a triplet of SU(3)c, the lightest dark baryon is a SM
singlet for NDC = 3, 6. Theories with NDC = 4, 5 are problematic if not excluded by the
current bounds on exotic matter (see Ref. [42]). Type II and III theories, as well as theories
with real or pseudoreal dark color representations R, do not seem to lead to any additional
realistic model. Indeed, if r is a doublet of SU(2)EW then: Type II are physically equivalent
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to Type I; Type I with R (pseudo) real and Type III are vectorlike. If r is a triplet of
SU(3)c, instead, Type I theories with R (pseudo) real, as well as Type II and III ones
contain stable colored states that form exotic bound states at QCD confinement; they are
therefore very constrained by data and most likely excluded. Finally, a particular example
of Type II theories are those where r is an irreducible representation of hypercharge only.
In such theory the accidentally stable pions have both U(1)3V charge and hypercharge, and
as such are not an acceptable DM candidate. The impossibility of gauging hypercharge
in theories with irreducible r directly follows from the fact that the only anomaly-free,
unbroken subgroup of the dark global invariance is U(1)3V itself. This means that the
accidentally stable NGBs have necessarily non-zero hypercharge.
In light of the above difficulty with hypercharge and in order to build models compatible
with Grand Unification of the SM gauge couplings, it is interesting to analyze the case where
the representation r is reducible. This possibility is severely constrained by the condition of
Eq. (2.2) implied by the request of perturbativity of the SM gauge couplings. In practice,
apart from adding SM singlets or doubling the matter content of minimal models, the only
possibility is to have r equal to the direct sum of a doublet of SU(2)EW plus a triplet of
SU(3)c. This choice implies two additional anomaly-free vectorial U(1) subgroups, which
are unbroken by the dark condensate and can be chosen to gauge hypercharge. One such
choice corresponds to a standard assignment of hypercharges for the weak doublet and
color triplet fermions contained in a fundamental of SU(5)GUT . One can thus consider a
GUT chiral model where quantum numbers are assigned as in Type I of Tab. 1 with r = 5
of SU(5)GUT . Its main difficulty is given by the presence of two very light pseudo NGBs,
that are subject to strong phenomenological and cosmological constraints. The existence
of potentially massless NGBs is in fact a general issue in chiral gauge theories, where
unwanted accidental symmetries cannot be lifted by mass terms or Yukawa couplings. In
the theories of Tab. 1, if r is made of κ irreducible components, then one has (2κ − 2)
NGBs that are complete gauge singlets (i.e. neutral under both GSM and U(1)D). Indeed,
(2κ− 2) is the number of axial abelian factors that are free from dark color anomalies and
remain classically unbroken after turning on the weak gauging. For κ = 2, as in the case of
the GUT model under discussion, one predicts two such NGBs. One of them has SU(3)c
anomalous interactions and receives a mass from the QCD dynamics, δm2φ = m2pif2pi/f2φ.
A further contribution to the mass of both NGBs comes from GUT gauge interactions,
which explicitly break the two axial U(1) factors. This effect scales naively as δm2φ ∼
(αGUT /4pi)Λ4DC/M2GUT . For ΛDC . 105 GeV, the QCD contribution dominates, one NGB
behaves as the QCD axion and the model is excluded by current constraints. Larger values
of ΛDC give the chance of evading the bounds on axions, but are challenging for cosmology,
since the abundance of the stable (massive) NGBs is naively too large in presence of a
standard cosmological history. While this model is potentially very interesting, assessing
its relevance requires a dedicated analysis that we defer to a future work. Finally, we notice
that a similar, though different, chiral GUT model was considered in Ref. [43]. There, the
quantum number assignments are of Type II (Type III was also mentioned as a possibility),
and a dark scalar field is added whose Yukawa couplings give an additional contribution
to the NGBs masses. In order to let the dangerous dark pions decay, the authors use
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higher-dimensional operators assuming a low cutoff scale. As a consequence, the model
has no DM candidate.
3 The model with SU(2)EW doublets
The analysis of the previous section suggests that, if one restricts to irreducible represen-
tations r, the only chiral theories of Tab. 1 with realistic DM candidates are SU(NDC > 2)
Type I models with SU(2)EW doublets or SU(3)c triplets. In the following we will focus
on the model with EW doublets and analyze in detail its phenomenology and cosmological
history.
At the renormalizable level, the Lagrangian of the model can be written as
L = LSM + LDS + Lmix , (3.1)
where LDS describes the dark fermions and their minimal couplings, while
Lmix = ε2B
µνFDµν (3.2)
is a mixing term between hypercharge and the dark photon. We assume that SU(NDC)
confines at a scale ΛDC higher than the electroweak scale, at which all the other interactions
are weak. We anticipate that, in order to obtain a viable DM candidate, ΛDC will be of
order 1−50 TeV.
The low-energy dynamics of the theory can be characterized in terms of its continuous
and discrete global symmetries. Let us first consider the case 0 < a < 1. In absence of the
weak gauging, there is a global SU(4)L⊗ SU(4)R⊗U(1)V symmetry, spontaneously broken
to SU(4)V ⊗U(1)V . After turning on the weak gauging, the dark photon acquires a mass
and the residual global symmetry is U(1)3V × U(1)V . The U(1)V dark baryon number
is actually anomalous with respect to U(1)D, whereas U(1)3V is a genuine accidental
symmetry. For a 6= 1, the model also possesses two approximate discrete symmetries
with interesting phenomenological implications:
Dark Charge Conjugation The transformation
CD :

ADµ −→ −ADµ
ψ1 ←→ ψ2
χ1 ←→ χ2
, (3.3)
dubbed dark charge conjugation in the following, leaves LDS invariant and is not broken
by the dark condensate. It is explicitly violated by the mixing term Lmix, as it cannot be
extended to the full SM sector. In analogy with QED, one can state a generalized version
of Furry’s theorem: any Green function of CD-invariant operators with an odd number of
dark photon fields vanishes identically. Two important consequences are:
• The decay of the dark photon to a CD-even state, such as any combination of SM
particles, is forbidden for ε = 0. This implies that the dark photon is stable if its
decays to dark sector particles are kinematically forbidden.
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• For ε = 0, the mixing term between hypercharge and the dark photon is not ra-
diatively generated. Hence, ε receives quantum corrections proportional to itself. A
small or vanishing ε, depending on the UV dynamics, is therefore technically natural.
G-parity. In analogy with QCD, a generalized G-parity transformation acting only on
dark sector fields can be defined as [44]:
G2 :
ψ −→ eipiT2CψGaµλa −→ −Gaµλ∗a , (3.4)
where T2 and λa are respectively SU(2)EW and SU(NDC) generators, Gbµ is the dark gluon
field, and ψi ↔ χi under the charge conjugation C. For a 6= 1, G2 is an exact symmetry in
the absence of U(1)D gauge interactions. Under the combined action of CD and G2, all the
NGBs have a definite parity, and this will be useful to analyze their properties.
Accidental stability and higher-dimensional operators
The accidental U(1)3V symmetry is an exact invariance at the renormalizable level. In
order to estimate the lifetime of the lightest dark states with non-vanishing U(1)3V charge,
it is important to identify the lowest-dimensional operators that violate this symmetry. A
simple analysis reveals that, for any given dimension, U(1)3V -violating operators can be
built only for a discrete set of rational values of the parameter a. In particular, we find
that:
• For D = 5, no U(1)3V -violating operator exists, for any value of a.
• For D = 6, the only possibility is a = 0. The operators are of the form:
ψ1ψ2χiχi or χiχiχiχj (for NDC = 4) ∀ i, j = 1, 2 . (3.5)
• For D = 7, it is possible to build U(1)3V -violating operators only for a = ±3 and
a = ±1/3. For example one has (∀ j = 1, 2):
ψ†1i/∂ψ2ψ2χj and ψ
†
2i/∂ψ1ψ1χj for a = ±3 ,
χ†1i/∂χ2χ2ψj and χ
†
2i/∂χ1χ1ψj for a = ±
1
3 .
(3.6)
This shows that the accidental stability of the lightest NGBs charged under U(1)3V is a
robust prediction of our chiral theory, as U(1)3V -violating operators can have naturally
very high dimension. This has to be compared with vectorlike theories, where accidental
symmetries acting on NGBs are typically violated at the D = 5 level [21].
A similar analysis shows that in our theory U(1)V -violating operators first appear at
the D = 6 level for NDC = 4; in this case they have the form ψiψjψkψl or χiχjχkχl
(∀ i, j, k, l = 1, 2).
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The case a = 0
In the limit a = 0 the theory possesses an enhanced global symmetry at the renormalizable
level that is left unbroken by the weak gauging:
U(1)3L × SU(2)R ×U(1)V → U(1)3V ×U(1)V , (3.7)
where SU(2)R acts on the χ fields. This pattern of symmetry breaking gives three exact
NGBs: one of them is eaten by the dark photon, the other two are the SM-singlet NGBs,
which become massless for a→ 0. They can acquire a mass only through SU(2)R-breaking
operators. The first such operators appear at the D = 6 level, for example of the form
ψ1ψ2χiχj . The corresponding NGB mass squared is of order
m2 ∼ g¯
2
16pi2
Λ4DC
Λ2UV
, (3.8)
where g¯2/Λ2UV is the coefficient of the D = 6 operator. For ΛUV /g¯ & 1016 GeV and
ΛDC ∼ 1−50 TeV, this implies a very light and long-lived pair of NGBs. Such light degrees
of freedom are relativistic at the epoch of neutrino decoupling, and can give a sizable
contribution to the number of additional relativistic species ∆Neff . The relevance of this
scenario will be discussed in Sec. 5.5.
4 Phenomenological profile
In this section we sketch the phenomenological profile of the model with SU(2)EW doublets,
discussing its spectrum and the dynamics of its NGBs.
4.1 Dark Baryons
The spectrum of dark hadrons contains baryonic states, made of the antisymmetric product
of NDC dark quarks, with mass of order ΛDC . They have U(1)V baryon number NDC and
the lightest among them are accidentally stable. They are organized in multiplets of the
SU(4) flavour group. Due to Fermi statistics, their wave function is completely symmetric
under the combined action of flavour and spin symmetries.
For NDC = 3 the lightest baryons have spin 1/2 and flavour structure , corre-
sponding to a 20 of the global SU(4), which decomposes into 2±3 ⊕ 2 × 2±1 ⊕ 4±1 of
SU(2)EW × U(1)3V . Since this contains no SM singlet, the lightest, accidentally stable
baryons will have non-vanishing electromagnetic charge. As discussed in Sec. 5.1, their
relic density is never small enough to satisfy the stringent constraints on the charged frac-
tion of DM, and the model is thus excluded. Similar conclusions hold for any odd number
of dark colors, in particular NDC = 5.
For NDC = 4 the lightest baryons have spin 0 and flavour structure , corresponding
to a 20′ of the global SU(4), which decomposes into 1±4 ⊕ 1±2 ⊕ 2 × 10 ⊕ 3±2 ⊕ 30 ⊕ 50
of SU(2)EW × U(1)3V . The SM singlet components neutral under U(1)3V are expected
to be the lightest, accidentally stable baryons. They contribute a small fraction of the
DM abundance and are electromagnetically neutral. Similar conclusions hold for any even
– 11 –
SU(2)EW U(1)V CD CD · G2
3± 3 ±2 3∓ −
3′0 3 0 − +
30 3 0 + −
1± 1 ±2 1∓ +
γD 1 0 − ×
Table 3: Transformation properties of the NGBs and of the dark photon under the sym-
metries of the model.
number of dark colors. Taking into account the constraints from Landau poles, we conclude
that models with NDC = 4, 6 are viable and we will focus on them in the following.
4.2 Dark Pions and low-energy effective theory
At energies much lower than ΛDC , the dynamics of the lightest states in the spectrum can
be characterized by making use of Chiral Perturbation Theory (ChPT). The pattern of
spontaneous symmetry breaking implies the existence of 15 pseudo NGBs in the adjoint of
SU(4), one of which eaten by the dark photon. These can be classified according to the
transformation properties of the associated fermionic currents:
• Two SU(2)EW triplets charged under U(1)D, the 3±.
• Two SU(2)EW triplets neutral under U(1)D, the 30 and the 3′0, with dark conjugation
charge equal to +1 and −1, respectively.
• Two SM singlets, the 1±. These are the lightest particles charged under U(1)V , and
will constitute our primary DM candidate.
• A global singlet, the 10, that is eaten to form the longitudinal polarization of the
dark photon. With an appropriate choice of the gauge fixing, this can be removed
from the spectrum.
A summary of the transformation properties of these particles under the relevant global
and gauge symmetries is provided in Tab. 3.
We construct the effective chiral Lagrangian by adopting a standard non-linear repre-
sentation for the NGB fields
Σ(x) = exp
(2ipia(x)T a
f
)
, (4.1)
and write the covariant derivative as
DµΣ = ∂µΣ−
igW aµ
2 (T
a
EWΣ− ΣT aEW )− ieDADµ (TDΣ− aΣTD) , (4.2)
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where SU(4) generators are normalized to Tr(T aT b) = δab/2 and
T aEW =
[
σa 0
0 σa
]
, TD =
[
1 0
0 −1
]
. (4.3)
At lowest order in the derivative expansion there is only the NGB kinetic term
L0 = f
2
4 Tr[DµΣD
µΣ†] , (4.4)
together with the NGB potential generated by 1-loop radiative effects (see Sec. 4.4). The
kinetic term, in particular, contains the lowest-order interactions of 3± and 1± with the
dark photon (the other NGBs do not interact at this order with γD):
L0 ⊃ −ieD(1 + a)ADµ (pi−∂µpi+ − pi+∂µpi−) + 4ae2DADµ ADµ pi+pi−. (4.5)
While the cubic term is that of scalar QED with charge (1 + a), the quartic term has
a modified (unless a = 1) coefficient. This comes as a consequence of the spontaneous
breaking of U(1)D, and leads to a non-trivial dependence on a of the cross section for the
process 1+1− → γDγD, which sets the DM abundance in our model. Another feature of L0
due to the chiral gauging is the appearance of vertices with three NGBs and one dark
photon. They are proportional to (1 − a) and thus vanish in the vectorlike limit a = 1.
Their analog with the photon in the QCD chiral Lagrangian is forbidden by parity. Their
expressions are reported in Appendix A.
At O(p4), the chiral Lagrangian reads
L1 =C1 Tr[DµΣDµΣ†]Tr[DνΣDνΣ†] + C2 Tr[DµΣDνΣ†]Tr[DµΣDνΣ†]
+ C3 Tr[DµΣDµΣ†DνΣDνΣ†] + C4 Tr[DµΣDνΣ†DµΣDνΣ†]
+ C5 Tr[WLµνDµΣDνΣ† +WRµνDµΣ†DνΣ] + C6 Tr[WLµνΣW
µν
R Σ
†] ,
(4.6)
where
WLµν = T aEWW aµν + TDFDµν
WRµν = T aEWW aµν + a TDFDµν .
(4.7)
The size of the chiral coefficients is estimated to be Ci ∼ 1/(16pi2) from Naive Dimensional
Analysis (NDA). 4 Working at O(p4) one also has to include the Wess-Zumino-Witten term,
which encodes the effects of anomalies. By explicit calculation, all squared anomalies (both
U(1)2D and SU(2)2EW ones) turn out to vanish, while mixed ones under SU(2)EW ×U(1)D
do not. In particular, the axial current that interpolates the 3′0 has an anomaly
〈0| ∂µJ (3′0)iµ |0〉 = −geD(1 + a)16√2pi2 ε
µνρσW iµνF
D
ρσ , (4.8)
which can mediate the decay 3′0 →WγD as discussed below.
4The form of the last two terms in Eq. (4.6) is schematic, since terms with different physical field
strengths will have different coefficients. Also, the appropriate powers of the couplings have been omitted
in the NDA estimate of the chiral coefficients for simplicity.
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V3± 1±
3′0γD
(1a)
V
30 γD
3± γD
(1b)
Figure 1: On the left (1a): Feynman diagram for the decay 3± → 1±V . The crossed vertex
denotes the anomalous interaction. On the right (1b): One of the Feynman diagrams
mediating the decay 30 → γDγDV .
4.3 Decay channels
As discussed in the previous section, the 1± are accidentally stable at the renormalizable
level and their decay is induced only by higher-dimensional operators. The other NGBs
and the dark photon instead can decay through the following channels:
• Dark Photon: γD
The dark photon lifetime is suppressed by a factor ε2, as CD makes γD stable in
absence of the mixing term (3.2). As shown in the next section, this can have striking
implications on the cosmological history of the model, leading to dark matter dilution
if ε is small enough. The dominant decay channel is into SM fermions, ff¯ , but Zh
and W+W− are also relevant if kinematically allowed. A detailed expression of the
rate is given in Appendix D, and has the form
Γ = C(mi, gi) ε2αDmγD , (4.9)
where C(mi, gi) is an O(1) factor, accounting for the multiplicity of the final states,
whose details depend on the masses and couplings.
• Charged Triplets: 3±
Due to U(1)3V invariance, the 3± decays to final states that contain at least one 1±.
The main channels are 5
3± −→ 1±V and 3± −→ 1±γDγDV (V = W,Z, γ) . (4.10)
The first one is forbidden if G2 · CD is unbroken (see Tab. 3) and thus occurs only
through a loop of dark photons with the anomalous 3′0WγD vertex, see Fig. 1a. The
second occurs through a tree-level diagram also featuring one anomalous vertex. The
estimated rate is the same for both channels:
Γ ∼ αWα
2
D
(16pi2)3 (1− a
2)2
m53±
f4
. (4.11)
5The decay 3± → 1±γDV is also allowed but its width is parametrically smaller than that of the other
channels.
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Numerically, this implies
cτ ∼ 6.6
(
500 GeV
m3±
)(
2 · 10−3
αD
)2
× 10−3 cm , (4.12)
which does not give rise to displaced vertices at high-energy colliders for any value
of eD allowed by cosmology.
• Neutral Triplet: 3′0
The decay modes of 3′0 are restricted by SU(2)EW and CD invariance. If kinematically
allowed, the main channel is
3′0 −→ V γD. (4.13)
This process proceeds through the anomaly and its rate is 6
Γ = αDαWN
2
c (1 + a)2
8pi3
m33
f2
g
(
m2W
m23
,
m2γD
m23
)
, (4.14)
where
g(x, y) =
[
(1− x− y)2 − xy]√1− 2(x+ y) + (x− y)2 . (4.15)
For small m3 this channel is kinematically forbidden and 3′0 decays to V f¯f through
the CD-violating mixing term (3.2). The decay rate receives a suppression of or-
der ε2(αD/4pi) with respect to Eq. (4.14), and the 3′0 can become long-lived on
collider scales. In the limit of ε small, decays between different electroweak com-
ponents also become important, though suppressed by phase space. For ε . 3 ×
10−6 (2m3/m1)3/2 (1 TeV/m1)1/2, the electromagnetically-charged components 3′ ±0
mostly decay into the neutral component 3′ 00 by emitting a soft pion: 3′ ±0 → 3′ 00 pi±.
The decay width for this de-excitation process is [11]:
ΓEW ' 2
pi
G2F V
2
ud ∆m3 f2
√
1− m
2
pi
∆m2 , (4.16)
where ∆m ' 166 MeV is the mass splitting between the charged and neutral compo-
nents (see Eq. (4.25)).
• Neutral Triplet: 30
Invariance under SU(2)EW and CD also restricts the decays of 30. The main channel
is
30 −→ γDγDV , (4.17)
which proceeds through 1-loop diagrams with O(p2) interactions, see Fig. 1b. Its
amplitude is finite, consistently with the absence of a counterterm in the O(p4) La-
grangian (4.6). The NDA estimate of the decay rate is therefore
Γ ∼ α
2
DαW (1− a)2
(16pi2)2
m33
f2
. (4.18)
6Here and in the following, m3 denotes the mass of 30, which is equal to the mass of 3′0 at the 1-loop
level.
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When this channel is forbidden by kinematics, the two dark photons can be closed to
form a loop and the V becomes virtual, so that the decay is to a SM pair (ff¯ , V V
or V h). The estimated width in this case is
Γ ∼ α
2
Dα
2
W
(4pi)5
m33
f2
. (4.19)
For the benchmark point m1 = 2mγD , this translates numerically into
cτ ∼ 6.5
(
500 GeV
m3
)(
2 · 10−3
αD
)2
× 10−5 cm , (4.20)
implying that the decay can be still considered as “prompt” on collider scales.
4.4 Spectrum
When the weak SU(2)EW ×U(1)D gauging is switched on, 1-loop radiative effects generate
a potential, hence a mass term, for the NGBs. It is a peculiar feature of our model that all
the states receive mass from the weak gauging (unless a = 0). Using the Weinberg sum rules
and saturating them with the lowest-lying spin-1 resonances, the effective potential can be
computed at leading order in 1/NDC using a standard approach, see for example [45]. We
find the mass terms
m21 = 24 ln(2)a
e2D
16pi2m
2
ρ (4.21)
m23 = 12 ln(2)
g2
16pi2m
2
ρ (4.22)
m23± =
(
24 ln(2) e
2
D
16pi2 + 12 ln(2)
g2
16pi2
)
m2ρ , (4.23)
where mρ ' 4pif/
√
NDC is the mass of the first vector resonance. For a = 1 Eq. (4.21)
agrees with the charged-neutral pion mass difference in QCD, taking into account that the
dark pions have U(1)D charge 2eD in this limit. 7 As regards the dark photon, inserting
Σ = 1 in (4.4) yields
m2γD = 2e
2
D(1− a)2f2 ∼
NDC
8pi2 e
2
D(1− a)2m2ρ . (4.24)
At sub-leading order, the degeneracy between the electromagnetically charged and neutral
components of the triplets is lifted by electroweak and custodial symmetry breaking. While
the mass squared of the triplets are of O(g2), the mass splitting arises at O(g4). One should
therefore take into account the NGB wavefunction renormalization, which also contributes
at O(g4) to the physical mass. Computing the NGB effective potential is thus not enough
to fully capture the mass splitting. On the other hand, the loop integral relevant for the
mass splitting is finite and converges at around the electroweak scale, i.e. much earlier
than the onset of the dark strong dynamics. The same calculation valid for elementary
scalars is therefore valid also in our case and gives [11]:
∆m|EW = g4pimW sin
2 θW
2 = 166± 1 MeV . (4.25)
7Notice however that there is a factor of 4 discrepancy with the result of Refs. [25, 26].
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5 Cosmology
Depending on its spectrum, the model can undergo different thermal histories. In this
section we will describe the cosmological evolution and compute the DM abundance pre-
dicted in the bulk of the theoretical parameter space, and then comment how the physics
is modified in special limits of the parameters.
In this spirit we will first discuss the case where:
• The dark photon is lighter than the SM-singlet dark pions (mγD < m1) but has a
mass larger than their freeze-out temperature (mγD > Tf.o ∼ m1/20). This can be
expressed as a condition on the parameter a, implying 0.26 . a . 0.93 for NDC = 4;
• Both 3± and 30, 3′0 are heavier than 1±, and the mass splitting ∆m = m3 −m1 is
larger than the temperature relevant for the freeze-out of the singlets, i.e. ∆m & m1.
This condition corresponds to a dark coupling of order αD . α2/4a;
• The dark coupling αD is sufficiently large that the singlets annihilate efficiently in
dark photons at temperatures of order T ∼ m1, and triplets decay promptly to lighter
states. This condition requires a dark coupling
αD & 10−9
1
(1 + a)2
(
m1
TeV
) 1
2
. (5.1)
The decay width of the dark photon is controlled by an additional independent parameter:
the ε coefficient. We shall first discuss the case in which the dark photon decays promptly
at temperatures relevant for the computation of the dark matter relic density, T ∼ m1.
This corresponds to requiring ΓγD > H(T = m1), which can be expressed as a condition
on ε:
ε & 10−7
(
a
NDC(1− a)2
) 1
4
(
m1
TeV
) 1
2
. (5.2)
We will then consider the case where the dark photon decays after the freeze-out of dark
matter but before Big Bang Nucleosynthesis (BBN), and study the possible entropy injec-
tion that it gives into the SM bath with the subsequent dilution of the DM relic abundance.
Finally, we will comment on the case of cosmologically stable dark photons as a possible
dark matter candidate. In the latter scenario, requiring the dark photon lifetime to be
larger than 1025 s implies
ε . 10−24
(
GeV
mγD
) 1
2
. (5.3)
5.1 Dark baryons
Dark baryons are produced at the confinement temperature and are accidentally stable.
They are thus expected to be a dark matter component. Their relic abundance is set by the
freeze out of the process of annihilation into dark pions and other mesons. Since their mass
is parametrically larger than the mass of the NGBs, baryons freeze out at temperatures
where dark pions are still in chemical equilibrium with the SM thermal bath; therefore,
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assuming thermalization of the decay products, the computation of the dark pion relic
abundance is unaffected by the baryons.
The baryon-antibaryon annihilation cross section is difficult to compute from first
principles, but can be estimated as
σBB¯→mesonsv = c
4pi
m2ρ
, (5.4)
where c is an O(1) proportionality factor. This estimate can be checked in the case of QCD
by making use of nuclear physics data [46]. For anti-neutrons annihilating on a proton
target, the data display the expected 1/v dependence and are well reproduced for c ' 3.
Using Eq. (5.4) with c = 3 and comparing with the pion annihilation cross section (5.7),
one finds that the energy density of dark baryons relative to dark pions is suppressed by a
factor
ΩDB
ΩDpi
' 〈σpipi→γDγDv〉〈σBB¯→mesonsv〉
∼ 13
e2D(1 + a)4
24 ln(2)a . (5.5)
Therefore, the dark matter is expected to have two components, with dark pions giving the
dominant contribution in the majority of the parameter space. For example, for a = 1/2
and αD ≤ 0.04, the DM fraction made of dark baryons is of order 10% or smaller. Finally,
requiring that dark baryons do not overclose the Universe sets an upper bound on the
confinement scale ΛDC . 100 TeV, and correspondingly on the mass of the scalar triplets
m3 . 10 TeV.
5.2 Short-lived dark photons
Let us first focus on the case in which dark photon decays are efficient at temperatures
relevant for the computation of the relic abundance, i.e. when ε & 10−7.
For these values of the mixing parameter, the dark and visible sectors are in ther-
mal and chemical equilibrium at temperatures larger than the pion mass scale, thanks
to processes mediated by dark photons. As the Universe cools down, pions become non
relativistic. If the splitting between EW triplet and singlet pions is larger than the temper-
atures relevant for the freeze out (as in the parameter space region under consideration),
then the abundance of triplets is suppressed by an exponential Boltzmann factor and the
dynamics can be described by considering singlets and dark photons only. 8
The relevant process for the calculation of the DM relic abundance is the annihilation
of dark pions, dominated by the dark photon channel 1+1− → γDγD. For dark photon
prompt decays, the process is described by a standard Boltzmann equation for a single DM
species (Ypi = (npi+ + npi−)/s, x = m1/T ):
dYpi
dx = −
1
2x2
s(m1)
H(m1)
〈σpipi→γDγDv〉
(
Y 2pi − Y 2pi,eq
)
. (5.6)
8If this is not the case, i.e. for αD & α2/4a, then processes such as 1+1− → 3+3− can give a non zero
population of triplets. A complete analysis, in such a scenario, would require a careful study of the system
of coupled Boltzmann equations for singlets and triplets.
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In the case of light dark photons, the thermally-averaged annihilation cross section is 9
〈σpipi→γDγDv〉 =
1
8pi
e4D(1 + a)4
m21
f(y) +O(v2), y = m
2
γD
m21
, (5.7)
with
f(y) =
√
1− y
[
y2
(y − 2)2 +
(y − 2)2
y2
(K − 1)2 + 2K2 + 2K − 2
]
, K = 4a(1 + a)2 . (5.8)
The limit of scalar QED is recovered by first setting K = 1 in Eq. (5.8), and then letting
y → 0 to obtain a massless dark photon. 10 In the regime of light dark photons, the
Sommerfeld enhancement factor can be important, especially at the low values of the
velocity relevant for indirect detection and CMB constraints. However, for 0.26 . a .
0.93 the dark photon and the dark matter have comparable masses and the Sommerfeld
enhancement is negligible.
5.3 Long-lived dark photons
The cosmological history can evolve differently if the dark photon is metastable, i.e. has a
lifetime longer than the inverse Hubble rate at T ∼ m1 and decays before the present era.
According to Eq. (5.2), this happens for 10−24 . ε . 10−8.
In this case, the following effects can take place and change the DM abundance:
• The SM and dark sectors could become thermally decoupled at temperatures larger
than the freeze-out temperature of the pions. The computation of the relic abundance
of DM can be modified, especially if number-changing interactions in the dark sector
are efficient.
• If dark photon annihilations into SM particles are out of equilibrium, then the evo-
lution of the dark pion density with temperature is modified with respect to the
standard freeze-out scenario, as previously noted in Ref. [47]. The abundance of dark
photons can also be affected in this case.
• If sufficiently long-lived, dark photons can give rise to an early phase of matter
domination. Their subsequent decay and entropy injection into the SM thermal bath
suppress the abundance of DM relics.
We discuss each of these effects in the following.
9This formula differs from the corresponding result in Eq. (8) of Ref. [26].
10If one takes the limit a→ 1 by varying K and y together through their functional dependence on a, one
finds a cross section different from that of scalar QED. This is because in this limit the contribution from
the dark photon longitudinal polarization does not decouple. By virtue of the Goldstone Boson Equivalence
Theorem (since the mass of the dark photon goes to zero for a→ 1), the latter can be computed in terms of
the annihilation into 10’s, which are part of the physical spectrum for a = 1. Once added to the contribution
from the transverse dark photon polarizations, this result correctly reproduces the a = 1 limit of Eq. (5.7).
Notice that computing correctly the annihilation cross section into 10’s requires to include the contributions
from both the four-pion derivative interactions from the Chiral Lagrangian and the radiatively-generated
quartic potential.
– 19 –
5.3.1 Kinetic equilibrium
The SM and dark sectors are kept in thermal equilibrium by interactions involving the
dark photon-hypercharge mixing or mediated by loops of NGB triplets.
After diagonalising the kinetic mixing of Eq. (3.2), one finds that electromagnetically-
charged particles also have a coupling, of order εe, to the dark photon. The leading
process controlling the kinetic equilibrium between dark and SM sectors is thus the elastic
scattering, mediated by the dark photon, of a charged pion on SM particles. Its cross
section is of order
σ ∼ 2piε2αemαD
T 2
. (5.9)
Comparing the rate of this process with the Hubble rate, we see that for ε . 10−7 it becomes
inefficient at a temperature of order m1, in the region relevant for the relic abundance
computation.
When dark photon interactions become inefficient, those mediated by a loop of pion
triplets between pion singlets and EW gauge bosons can still be effective in maintaining
thermal equilibrium. The low-energy theory obtained by integrating out the triplets con-
tains two operators that can give the leading contribution, depending on the value of the
coupling eD. The first has dimension 8 and involves two derivatives of the pions, the second
has dimension 6 and breaks the NGB shift symmetry. Their coefficients are estimated to
be:
O8 ∼ 1
f2
1
m23
g22
16pi2 (∂pi)
2
(
W iµν
)2
O6 ∼
m2ρ
16pi2f2
1
m23
e2Dg
2
2
16pi2 (pi)
2
(
W iµν
)2
,
(5.10)
where m2ρ/(16pi2f2) ∼ 1/NDC in the large NDC limit.
We find that these interactions are efficient in maintaining kinetic equilibrium during
the pion freeze out in the majority of the relevant parameter space. There is only a small
corner, corresponding to triplets with masses in the range (500 ÷ 1500) GeV, where the
kinetic decoupling occurs at a temperature of order Tkd ∼ (1÷ 0.1)m1. In the following we
will compute the DM abundance assuming that the temperature in the dark sector scales
as the temperature in the visible sector. We thus neglect possible additional effects related
to the kinetic decoupling in the region with m3 . 1500 GeV. While these effects can play
a role during the freeze-out epoch, they are not expected to give qualitative changes in the
dilution factor computed in Sec. 5.3.3.
5.3.2 Chemical equilibrium
At temperatures of order m1 or smaller, the evolution of the dark sector is described by a
system of two coupled Boltzmann equations for the two species pi± and γD. As explained
in more details in Appendix C, for metastable dark photons and at temperatures higher
than Tdecay (where the latter is defined by the condition ΓγD ∼ H(Tdecay)), these equations
– 20 –
can be approximately written as
dYpi
dx = −
1
2x2
s(m1)
H(m1)
〈σpipi→γDγDv〉
(
Y 2pi −
Y 2pi,eq
Y 2γD,eq
Y 2γD
)
,
dYγD
dx =
1
x2
s(m1)
H(m1)
[
1
2〈σpipi→γDγDv〉
(
Y 2pi −
Y 2pi,eq
Y 2γD,eq
Y 2γD
)
− 2〈σγDγD→SMv〉
(
Y 2γD − Y 2γD,eq
) ]
.
(5.11)
If dark photon annihilations into SM particles are efficient to keep dark photons in chemical
equilibrium until the freeze-out temperature, the abundance of dark pions follows the usual
evolution. On the other hand, if σγDγD→SM  σpipi→γDγD , then dark photons go out of
chemical equilibrium before dark pions and have a much larger abundance. In this case
the total density in the dark sector can be approximated as YD,tot ' YγD and taking the
sum of the two equations in (5.11) we obtain, after an initial transient,
dYpi
dx = −
1
x2
s(m1)
H(m1)
1
2〈σpipi→γDγDv〉
(
Y 2pi −
Y 2pi,eq
Y 2γD,eq
Y 2γD
)
dYγD
dx = −2
1
x2
s(m1)
H(m1)
〈σγDγD→SMv〉
(
Y 2γD − Y 2γD,eq
)
.
(5.12)
From the first equation we see that the abundance of pions traces (Ypi,eq/YγD,eq)YγD once
the dark photons are out of equilibrium and this modifies the freeze-out temperature for
dark pions.
By solving the system (5.11) numerically we have verified that the approximation
given by (5.12) is accurate. We find that the evolution of the dark pion and dark photon
energy densities is modified with respect to the standard freeze out when σγDγD→SM 
σpipi→γDγD . However, in all the relevant parameter space, the asymptotic value for the
DM relic abundance is within 50% of the naive estimate obtained from the simplified
description of Eq. (5.6). A similar conclusion was reached in Ref. [47]. We refer the reader
to Appendix C for more details.
5.3.3 Dilution by entropy injection
If dark photons dominate the energy density of the Universe in some early phase of its
evolution, they can modify the DM relic abundance by decaying and injecting entropy in
the SM bath. More in detail, the different evolution of the temperature during such early
epoch of matter domination (EMD) translates into an effective dilution factor [48] (see
also [30]),
F ' 4.8
(gSM∗ (TEMD))1/4
√
MPlΓγD
TEMD
, (5.13)
that characterizes the prediction of the DM abundance today compared to the naive cal-
culation. Here TEMD has been defined as the temperature at the onset of the early matter
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domination era, while gSM∗ (T ) is the number of SM relativistic degrees of freedom at the
temperature T .
We computed TEMD as the temperature at which the energy density of dark photons
before their decay, ργD , and the energy density of the SM radiation, ρSM , are equal. Since
ργD(T ) = YγD(T )s(T )mγD and ρSM (T ) = (3/4)s(T )T , one has
TEMD =
4
3YγD(TEMD)mγD . (5.14)
The dilution from dark photon decays was computed in previous studies in the context
of models where γD annihilates into SM particles only through its kinetic mixing with
hypercharge, see Refs. [47, 49, 50]. In that case, for ε . 10−8 the dark photons have a
chemical decoupling while they are still relativistic, and their abundance YγD(TEMD) is
very large. In our model, even for very small ε, dark photons can annihilate into pairs of
SM vector bosons through loops of NGB triplets, and undergo a standard freeze out at
T = Tf.o.,γD . This gives a smaller abundance YγD(TEMD) hence a lower temperature TEMD.
Using Eq. (5.14) and extracting YγD(TEMD) from an approximate analytic solution of the
second equation in (5.12) gives
TEMD ' 30
pi2
√
4pi3gSM∗ (Tf.o.,γD)
45
1
gSM∗ (Tf.o.,γD)
1
MPl
xf.o.,γD
2〈σγDγD→SMv〉
, (5.15)
which agrees well with the result obtained from a numerical integration of the system (5.11),
and should be compared with the estimate in absence of dark photon annihilations:
(TEMD)naive ' ζ(3)
30
pi4
3
gSM∗ (TEMD)
mγD . (5.16)
Figure 2 shows, for benchmark values of αD and a, the isocurve in the (m1, ε) plane
that reproduces the observed DM abundance in our model (solid line) and in models where
Eq. (5.16) applies (dashed line). While dilution is an important effect in the latter scenario,
in our model it occurs for values of ε excluded by the bounds on the dark photon lifetime
discussed below. The same conclusion holds in the majority of the interesting parameter
space.
Bounds on the dark photon lifetime
The evolution of the Universe at temperatures below 1 MeV is accurately described by the
standard cosmological model starting with BBN until the current epoch. Decays of long-
lived particles during or after BBN can alter this picture and are generally excluded. Strong
and robust constraints come in particular from observations of light elements abundances
produced during the BBN (see [51]) and from the CMB spectrum (see [52, 53]). To comply
with these bounds, we require that metastable dark photons decay before BBN, i.e. we
impose Tdecay & 10 MeV.
The decay temperature Tdecay is computed by taking into account that the relation be-
tween time and temperature is modified with respect to the standard radiation-dominated
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Figure 2: Isocurve of observed DM abundance (solid green line) and BBN bounds on the
lifetime of the dark photon (shaded blue area) in the plane (m1, ε). The dashed green curve
is obtained by neglecting annihilations mediated by NGB triplets and using Eq. (5.16). The
non-trivial dependence on ε is due to the dilution of the relic density caused by the early
phase of matter domination. The plot assumes αD = 0.01 and mγD = m1/2.
case. In particular, the time interval comprised between the freeze-out and the decay of
dark photons is:
tdecay − tf.o.,γD '
√
90
32pi3gf.o.
MPl
(
r2/3
T 2EMD
− 1
T 2f.o.,γD
)
+
√
5
pi3gEMD
MPl
T 2EMD
×
×

T 4EMD
T 4decay

ΓγDMPl
5
2
(
4pi3
45 gEMD
)1/2
T 2EMD + ΓγDMPl
− 1
 ,
(5.17)
where gf.o. ≡ gSM∗ (Tf.o.,γD), gEMD ≡ gSM∗ (TEMD), r ≡ gSM∗S (Tf.o.,γD)/gSM∗S (TEMD), and gSM∗S (T )
is the effective number of ‘entropic’ relativistic degrees of freedom in the SM at the tem-
perature T . This time interval corresponds, by definition of Tdecay, to the lifetime of the
dark photon, i.e. tdecay − tf.o.,γD = τγD = Γ−1γD . From these identities and Eq. (5.17) it is
possible to estract the value of Tdecay. The constraint Tdecay & 10 MeV derived in this way
excludes the blue region in the plot of Fig. 2. In practice, we find that all the relevant
parameter space is excluded for 10−24 . ε . 10−12.
5.4 Cosmologically stable dark photons
In the limit of very small ε, i.e. for ε . 10−24, the dark photons are cosmologically
stable. Such small values of the mixing parameter are technically natural even though the
dark sector comprises particles with SM charges, thanks to the dark charge conjugation
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symmetry (3.3). On the other hand, operators with two dark photons are not forbidden
by CD and will be generated at loop-level, inducing dark photon annihilations into SM
particles. For instance, loops of NGB triplets mediate annihilations into pairs of W bosons
with a cross section of order
〈σγDγD→WW v〉 ∼
1
8piα
2
Dα
2
2
m2γD
m43
. (5.18)
These processes could set the abundance of dark photons to reproduce the observed DM
one. The lower bound on triplets from collider searches derived in Sec. 7, m3 & 300 GeV,
implies however that the cross section of Eq. (5.18) is always too small if mγD < m3, and
the energy density of dark photons would overclose the Universe. Conversely, for mγD > m3
the dark photon is no longer stable, as it can decay to triplets and W bosons.
5.5 Alternative choices of parameters and cosmological scenarios
So far we have described the cosmological evolution predicted in the bulk of the parameter
space of our model. We now analyze some interesting limits where the thermal history is
significantly different. These are obtained by varying the parameters αD and a.
Varying αD
As the strength of the dark coupling αD increases, the abundances of dark pions and
dark baryons become comparable, see Eq. (5.5). For αD & 0.4 dark baryons become the
dominant component of dark matter, with a dynamical scale of order ΛDC ∼ 50÷100 TeV.
Moreover, for couplings αD & α2 the neutral triplets 30, 3′0 become lighter than the
singlets and the dark photons. In this scenario the kinematics is reversed with respect to
section 4.3. The dark photon decays to one 3′0 plus one electroweak boson V through the
anomaly, while the triplet 30 can decay to SM particles at the two-loop order with a rate
independent of ε. On the other hand, the 3′0 is metastable thanks to the CD symmetry and
can decay only through ε suppressed interactions. For very small or zero kinetic mixing,
ε . 10−24, the 3′0 is an interesting example of scalar triplet candidate of Minimal Dark
Matter, with improved accidental stability and a dynamical mass. The dark matter would
be multicomponent, with triplets 3′0, singlets 1± and dark baryons, each protected by a
symmetry. For larger kinetic mixings, ε > 10−24 , the triplets are too short lived to be a
DM candidate and the scenario is similar to the one described previously with now the 3′0
playing the role of metastable species.
In the case of small mass splitting (m3−m1)/m1 . 0.1, corresponding to dark couplings
of order αD ∼ α2/2a, co-annihilations could also play a role in determining the relic
abundance. We do not attempt an analysis of these effects, leaving it to a future work.
Varying a
The other parameter that can be varied and has a large impact on the dynamics of the
model is the chiral charge a. For a > 0.9 the dark photon becomes much lighter than
the singlet, approaching the massless limit as a → 1. For light dark photons, the dark
sector interaction can become long-ranged and effects such as Sommerfeld enhancement
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and bound state formation in annihilation processes should be properly taken into account
to have reliable predictions.
For sufficiently small a (e.g. a . 0.26 for NDC = 4), the dark photon becomes
heavier than the NGB singlet. The latter will thus annihilate into SM particles either
through virtual dark photon exchange, with an ε-suppressed cross section, or though loops
of triplets. In the model with SM-neutral dark fermions of Ref. [25], only the first process
is possible and reproducing the correct DM abundance requires low values of the dynamical
scale ΛDC for small ε. In our model, on the other hand, annihilations mediated by dark
photons turn out to be inefficient for ε . 10−2, and in this limit the DM annihilates into W
bosons through the operators of Eq. (5.10) induced by loops of triplets. At the same time,
the dynamical scale cannot be too small in light of the collider bounds on NGB triplets
discussed in Sec. 7. Enforcing these bounds and requiring the correct DM abundance
implies a lower bound on the mass of the singlets m1 & 130 GeV. For ε . 10−24 and
dark photon masses in the range m1 < mγD < 2m1 (corresponding to 0.10 . a . 0.26 for
NDC = 4), the dark photon is cosmologically stable and can annihilate efficiently into NGB
singlets. Its energy density is thus small enough not to overclose the Universe (compare
with Sec. 5.4), and gives an additional subdominant contribution to the DM abundance.
Finally, in the limit a→ 0, the NGB singlets become very light and are a component
of dark radiation, rather than dark matter.
The case a = 0
As explained in section 3, for a = 0 the model has an enhanced global symmetry. The 1±’s
become exact Nambu-Goldstone bosons (up to the effect of higher-dimensional operators),
with only shift-symmetric interactions, and are massless. The analysis is qualitatively
similar to the one performed in Ref. [26] for the model with SM-neutral fermions, with
some qualifications.
The thermal abundance of dark baryons must account for all of the dark matter, and
this fixes the dynamical scale to ΛDC ∼ 50 ÷ 100 TeV. The massless singlets 1±, on the
other hand, behave as a component of dark radiation. Their abundance can be expressed
in terms of an effective number of neutrinos:
∆Neff =
8
7
(
gSM∗ (1 MeV)
gSM∗ (Tdec)
) 4
3
, (5.19)
where Tdec is the temperature at which the SM bath and dark radiation thermally decouple
from each other. The number of SM degrees of freedom saturates at (gSM∗ )max = 106.75
for large enough decoupling temperatures, implying ∆Neff & 0.05.
There are two categories of processes that can keep the 1± in thermal equilibrium:
elastic scatterings mediated by dark photons – with a cross section suppressed by ε – and
processes mediated by loops of triplets through the effective operators (5.10). The second
class of interactions breaks the correlation between the cross section for DM direct detection
and the number of relativistic degrees of freedom described in Ref. [26]. Moreover, it implies
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an upper bound on the decoupling temperature, valid also in the limit of ε small:
Tdec < 2.5
(ΛDC
TeV
) 8
7
GeV. (5.20)
This differs from model of Ref. [26], where the decoupling temperature can be arbitrarily
high depending on ε.
For dynamical scales ΛDC ∼ 50÷100 TeV, the upper bound (5.20) is not strong enough
to further constrain ∆Neff . Furthermore, the observational bound ∆Neff < 0.3 [54] leaves
unconstrained a wide region of the parameter space, corresponding to αD ≥ 10−8, and
ε ≤ 10−3. In any point of such region, ∆Neff falls in the interesting range that will be
probed by future CMB experiments, see for example [55]. Complementary observables can
be dark photon searches and direct detection signals from scattering of dark baryons on
nucleons, depending on αD and ε [26].
Finally, we notice that in this model the dark radiation and the dark baryon component
of dark matter are tightly coupled due to dark meson-dark baryon interactions. This effect
can have important implications on structure formation, suppressing structures on small
scales and potentially alleviating the σ8 and H0 problem [56, 57], see also [58, 59]. We
leave a detailed analysis of this scenario to the future.
6 Constraints from direct and indirect DM searches
This section discusses the constraints set by direct and indirect DM searches on the model
with SU(2)EW doublets. Bounds from experiments at high-energy colliders are analysed
in Sec. 7.
6.1 Direct detection
The elastic scattering of DM particles on nuclei gives rise to recoil signals that are being
looked for in dedicated high-precision experiments. For values of ε large enough, the
main contribution to the elastic cross section comes from the tree-level exchange of the Z
and the dark photon. This is spin independent in the non-relativistic limit and strongly
constrained by conventional direct-detection experiments. We performed a calculation
valid for arbitrary values of ε and of the vector boson masses. 11 We find that, once the
non-relativistic limit is taken, the spin-independent cross section per nucleon has a very
simple form:
σS.I.piN = ε2
µ2piN
pi
Q2De
2 cos2 θW
m4γD
(
Z
A
)2
+O
(
|~p|2
m2Z,γD
)
, (6.1)
where QD = (1 + a)eD for dark pions, θW is the weak mixing angle, Z,A are respectively
the atomic and mass number of the target nuclei, e is the electromagnetic coupling, and
µpiN is the reduced mass of the dark matter-nucleon system. Up to higher-order corrections
11Our result is valid also in the case of mass resonance mZ = mγD . We assume that the on-shell dark
photon mass is larger than the typical momentum exchanged.
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in the momentum expansion, DM particles interact only with protons (i.e. the contribution
from scattering off neutrons vanishes), and the result scales as ε2. Our formula is valid for
generic models where the dark matter is a Dirac fermion or a complex scalar that couples
with charge QD to kinetically-mixed dark photons or Z ′ bosons. 12 It agrees with the result
of Ref. [26] and with previous literature on dark photons, see for example Refs. [60–62]. We
checked the correctness of Eq. (6.1) by performing the calculation in two different ways:
first, by diagonalising the kinetic and mass terms and deriving the modified couplings
reported in Appendix D; second, by working in the non-diagonal basis and computing the
propagators including gauge-boson mixing. Both methods agree and give the simple result
of Eq. (6.1).
An additional contribution to the elastic scattering of dark pions off nuclei comes from
effective operators generated by loops of NGB triplets. Those of Eq. (5.10), for example,
arise at the 1-loop level and mediate the DM scattering through 1-loop diagrams. Other
operators like pi†i←→∂µpiJµSM , where JµSM is a SM quark or Higgs current, are generated at
two loops and mediate the DM scattering at tree level. Using the analysis of Ref. [63], we
estimate that the effect of any of these operators in our model is too small to be detected
and does not lead to any bound.
We thus focus on the scattering of dark pions mediated by the Z and the dark pho-
ton, and use Eq. (6.1) to derive the constraints from direct-detection experiments in the
(ε,m1) plane. In the mass range of interest, the strongest bounds currently come from
Xenon1T [64], while PandaX-II [65] and LUX [66] give comparable though weaker limits.
We show the corresponding exclusion curve in Fig. 3, together with the projected sensitiv-
ity of the future LZ experiment [67] and the neutrino floor curve. We focus on dark pion
masses up to 1 TeV, as already for m1 ∼ 10 TeV dark baryons contribute significantly to the
relic density and deriving an accurate bound would require knowing precisely their fraction.
Notice also that the data of Ref. [64] extend up to 1 TeV, though a linear extrapolation to
higher masses seems reasonable and could be done.
6.2 Limits on charged relics
Theories with odd NDC contain dark baryons with weak isospin equal to 1/2 and 3/2 and
with zero hypercharge, thus carrying half-integer (hence non-vanishing) electromagnetic
charge. Due to their accidental stability, the dark baryons form an electrically-charged
subdominant component of the thermal relic abundance. We denote this charged dark
matter component as cDM in the rest of this section.
Even though the cDM fraction can be parametrically suppressed, this scenario is sub-
ject to very stringent constraints. The analysis of Refs. [68, 69] makes use of CMB data
to derive limits on the fraction of charged relics, but assumes that the Compton scat-
tering of these particles is negligible. While this is a good approximation in the case of
milli-charged dark matter, it is not so in our theories, where the cDM-baryon scattering is
12Notice that the spontaneous breaking of U(1)D, which is a direct consequence of its being chiral, leads
to modified quartic interactions which are however not relevant for the tree-level cross section.
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Figure 3: Direct detection bounds on the kinetic mixing parameter ε as a function of the
dark matter mass m1. We set a = 1/2 and fixed αD such that the thermal relic abundance
of dark pions reproduces the correct DM density. The solid yellow line corresponds to the
spin-independent bound set by Xenon1T, while the pink dashed and purple dotted lines
are respectively the projected sensitivity of the LZ experiment and the neutrino floor.
efficient. Therefore, the bounds of Refs. [68, 69] cannot be applied in our scenario. On the
other hand, cosmic rays with order-one charge can produce ionization signals that can be
detected by experiments looking for ionizing particles. Bounds on charged stable particles
with q ∼ |e| are subject to uncertainties in the mass window (105 ÷ 1011) GeV, due to
the large impact that supernovae shock waves can have on their galactic and momentum
distribution (see for instance Refs. [70] and [71]). In our theories, however, dark baryons
are thermal relics and there is an upper bound on their mass of order 105 GeV. For these
values of masses, uncertainties should be under control. The analysis of Ref. [71] constrains
the mass fraction of charged relics to be extremely small: ΩcDM . (10−10 ÷ 10−14) ΩDM,
depending on the experiment and on the mass. Combining this result with the collider
bounds of Sec. 7 excludes the whole parameter space of interest for odd NDC .
6.3 Dark matter annihilation signals
Residual annihilations of relic particles can produce cosmic rays and energetic photon
signals, tested by indirect detection experiments.
Observations of the positron and antiproton flux rates by AMS-02 can provide strong
limits on DM annihilations in the parameter space of our model. However, these constraints
are subject to large uncertainties associated with cosmic ray propagation and the estimate
of astrophysical backgrounds, and for this reason we will not use them in the following.
The observation of gamma ray signals from clean DM-dominated environments, such
as dwarf spheroidal galaxies, can also set stringent bounds provided that DM annihilations
– 28 –
produce a large flux of photons. In our case, the dark matter mostly consists of SM-
singlet dark pions that annihilate into dark photons. The dark photons decay in flight to
SM final states. We do not attempt here a detailed analysis and a computation of the
produced photon spectrum. We use the bounds of Ref. [72] on dark matter annihilations
to short-lived mediators with mass mmediator ∼ mDM, obtained from the recast of the
FERMI-LAT results of Ref. [73]. Since dark photons decay to hadronic final states with a
large branching ratio [74], we make use of the bounds that assume fully hadronic decays of
the mediators. In most of the parameter space of our model, the dark pion and the dark
photon have comparable mass and effects from Sommerfeld enhancement and bound state
formation are negligible (see however the discussion in Sec. 5.5). With this assumption,
we find that the measured flux of gamma rays from dwarf spheroidal galaxies of Ref. [73]
excludes masses m1 . 100 GeV. 13 This limit is expected to improve in the future thanks
to the discoveries of new dSphs galaxies from LSST combined with continued Fermi-LAT
observations [75], reaching masses m1 . 400 GeV.
For completeness we have also analyzed the CMB limits on dark matter annihilation
from the 2018 Planck release [54], that are less stringent but have independent uncertainties.
We find that these data exclude masses m1 . 10 GeV.
In the future, the Cherenkov Telescope Array (CTA) observatory will start probing
thermal dark matter in the TeV mass range through observations of the Galactic Center.
Assuming an Einasto dark matter profile, the expected sensitivity [76] for thermal dark
matter candidates is in the range 400 GeV . m1 . 10 TeV. CTA will thus be able to probe
a large part of the parameter space relevant for the dark matter models presented in this
work.
7 Constraints from collider searches
The dark sector can be probed at high-energy colliders through SM gauge interactions in
a way that is complementary to direct and astrophysical searches. Unlike kinetic mixing,
whose effects strongly depend on the value of ε, a gauge portal to the SM does not in-
troduce any unknown couplings and provides sharper predictions. For values of the dark
confinement scale under consideration, the production of the lightest SM-charged particles
in the model is within the reach of the LHC or of one of its future extensions. In the
rest of this section we will be concerned with the analysis of the constraints arising from
existing collider data, and we will discuss the expected reach of a Future Circular Collider
(FCC) in Sec. 8. Given the rich phenomenology predicted by our model at colliders, our
study should be considered as an exploratory one, to be completed in a future work. See
Refs. [77, 78] for related studies.
13This result is valid both if dark pions have a thermal abundance (hence they do not reproduce the
observed DM density in generic points of the parameter space), and if they have the observed DM abundance
(hence in general they are not thermal relics). In the latter case, an additional portion of the parameter
space can be excluded.
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Figure 4: Leading-order cross section for pi+pi0 (blue), pi−pi0 (orange) and pi+pi− (green)
pair production at the 13 TeV LHC, where pi±,0 denotes any of the NGB triplets with
electromagnetic charge indicated by the superscript.
7.1 Production and decays of NGB triplets
In the model with SU(2)EW doublets, the most promising process to probe the dark sec-
tor at colliders seems to be pair production of the NGB triplets; singlets couple either
through ε or via non-renormalizable operators, and their direct production cross section is
correspondingly suppressed. Triplets can be pair produced either via a Drell-Yan process
or resonantly through the decay of a spin-1 dark meson. Since mρ ∼ 7mpi in our model,
the latter contribution is subdominant and will be neglected in the following. For Drell-
Yan production, the spin and color-averaged partonic cross sections at leading order are
given in Eqs. (A.2)-(A.4) of Appendix A. The corresponding hadronic cross sections have
been obtained by convoluting those expressions with the 2014 MMHT parton distribution
functions (PDFs) [79], and the result is shown in Fig. 4. Once produced, the triplets are
generally unstable and decay as shown in Tab. 4, where for illustration purposes we set
m1 = 2mγD . Broadly speaking, one can distinguish two main regions of parameter space
exhibiting different phenomenologies: if m3 > mγD , then (all) the neutral triplets decay by
emitting dark photons, otherwise they decay to SM particles. We shall refer to these as the
normal and inverted hierarchies respectively. While the singlets always escape detection
and are recorded as missing energy, the signature of the dark photons produced in the final
state depends on their lifetime, which is a function of ε. In the case of an inverted hierar-
chy, the 3′0 is also long lived for small ε. One can thus distinguish four kinds of possible
experimental signatures characterizing the final state:
• Missing Energy: For very small ε the dark photons decay outside the detector and,
together with the NGB singlets, give rise to missing energy in collider events. The
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m3 < mγD = m1/2 m3 < 2mγD = m1 m3 > 2mγD = m1 m3 >
√
3m1
3± −→ 1± V 3± −→ 1± V 3± −→ 1± V 3± −→ 1± V (γDγD)
30 −→ f¯f/V V/V h 30 −→ f¯f/V V/V h 30 −→ V γD γD 30 −→ V γD γD
3′0 −→ V f¯f 3′0 −→ V γD 3′0 −→ V γD 3′0 −→ V γD
3′ ±0 −→ 3′ 00 pi±
Table 4: Main triplet decay modes in the various kinematic regimes, assuming m1 = 2mγD .
Here V can be any electroweak gauge boson, depending on the electromagnetic charge of
the initial triplet, h is the Higgs boson, while f¯f denotes a pair of SM fermions. In the
case of inverted hierarchy, decays among different components of the 3′0 become important
for ε small, when the rate of 3′0 → V f¯f is suppressed.
signatures in this case are similar to those of Supersymmetric models (where decaying
charginos play the role of the triplets), and SUSY searches can be exploited to derive
bounds on our scenario.
• Displaced vertices: In a large portion of parameter space, for small ε, the γD and 3′0
can decay inside the detector far from the interaction point. Due to the extremely
low background, events with such displaced vertices lead to the strongest constraints
in the region of the parameter space where they apply.
• Disappearing tracks: For ε . 3 × 10−6(2m3/m1)3/2(1 TeV/m1)1/2 and in the case
of an inverted hierarchy, the electromagnetically-charged components of 3′0 mostly
decay into the neutral one by emitting a soft pion. The latter goes undetected at
high-energy colliders and the decaying particle manifests itself as a disappearing
track. The same signature characterizes minimal DM models.
• Prompt resonant decays: For large ε, dark photons decay promptly in the detec-
tor and can be reconstructed as peaks in the invariant mass spectrum of jet or
lepton/anti-lepton pairs. A similar resonant signature comes from the decays of
30’s in the case of inverted hierarchy. Traditional searches for Z ′ resonances can be
exploited in this case to set constraints on our model.
In order to illustrate the relative importance of these signatures in testing our model, we
anticipate the results of the analysis performed in the next section and show in Fig. 5 the
bounds in the (ε,m3) plane for fixed ratios of the masses. We find that displaced decays
can give the strongest bounds, followed by prompt resonant decays. The limits set by each
of the different experimental signatures are in fact similar in strength, despite the different
strategies and backgrounds involved. This can be understood as the result of the strong
dependence of the production cross section on the triplet mass, mostly due to the scaling
of the proton PDFs. The bounds we obtain are not far from the value of m3 at which the
number of signal events becomes of order unity, i.e. from the strongest obtainable bound.
For this reason, although our analysis makes use of many simplifying approximations, we
believe that its results give a good estimate of the actual constraints.
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Figure 5: Exclusions from four different kinds of collider searches as a function of ε: missing
energy events (blue region), displaced decays (green region), resonant decays to jet or
lepton pairs (red region), and disappearing tracks (yellow region). The top panel assumes
m3 = 3m1 (normal hierarchy), while in the bottom panel m3 = m1/3 (inverted hierarchy).
Both plots are done setting m1 = 2mγD . The sharp cut-off of the bound from resonant
decays at ε ∼ 2× 10−7 in the top panel is due to a lower bound on the dark photon mass
imposed in the experimental analysis of Ref. [80]. The bound from disappearing tracks has
been derived from the analysis of Ref. [81].
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Figure 6: Bounds from the Z ′ searches of Refs. [80, 82] for m1 = 2mγD (corresponding to
a ' 1/2 at NDC = 4). The plane is divided into different kinematic regions (see Tab. 4) by
the gray thin dashed lines, inside which each constraint is valid. While exclusions denoted
by continuous lines correspond to the decays of the 30 and are valid for arbitrary values
of ε, dashed curves refer to γD decays and only apply for ε & 10−7, i.e. when dark photons
decay promptly.
7.2 Bounds
In this section we derive the bounds on the triplet mass from each of the signatures discussed
above, using data from ATLAS and CMS. For both dark photon and triplet decays, the final
yields of leptons and hadrons are of the same order of magnitude but, except for displaced
vertices, hadronic events have always a much higher background. For this reason, when
analyzing missing energy events and searches for promptly-decaying resonances we shall
concentrate on final states containing electrons or muons.
The 30 decays promptly into a pair of SM particles ifm3 < 2mγD , while the dark photon
will do so for large ε. Thus, both particles may be observed as resonances in the mass
spectrum of the final products. Traditional Z ′ searches provide almost model-independent
bounds on the production cross section times the branching ratio. It is then simple to recast
these bounds into constraints on our model by inverting the triplet production cross section
computed in the previous section. 14 Figure 6 shows the constraints set in the (m1,m3)
plane by the searches performed by the CMS collaboration into leptonic channels [80, 82].
A similar search performed by ATLAS in Ref. [83] sets slightly weaker bounds. Depending
on the ratio m1/m3, the bounds come from the decays of the γD (if ε is large), the 30 or
14Although the limits from Z′ searches are strictly valid for spin-1 resonances only, we shall apply them
also to the scalar 30.
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both. If the decaying particle is a dark photon, its mass scales proportionally to that of the
singlet, and this explains why the bounds grow quickly with m1 (the background decreases
with the mass of the decaying particle). The bounds from the decays of 30, instead, are
horizontal lines in the (m1,m3) plane. Although the same analysis can be carried out
with jets as final states, the corresponding bounds are weaker by at least one order of
magnitude, because the slightly higher branching ratios are not able to compensate for the
larger background (see for example Refs. [84–86]).
Recasting the bounds from missing energy searches at the LHC is not as simple as for
resonant decays. This signature is common to many supersymmetric scenarios, and the
data are usually interpreted as limits on the masses and couplings of the various SUSY
particles, in a way that depends explicitly on the details of the model. To give an estimate
of the bounds on our model, it is then simpler to take a step back and compare the total
number of observed events with the theoretical prediction. 15 The number of signal events
is schematically modelled as
Ns(m1,m3, ε) = L
∑
i
σpp→(pipi)i(m1,m3)BR((pipi)i → f)P (m1, ε) δeff , (7.1)
where L is the integrated luminosity and the sum runs over (pipi)i = 3030, 3′03′0, 3+3− with
all possible combinations of electromagnetic charges. The branching ratios BR((pipi)i → f)
are given in Tab. 5 for the final states f of interest in the case of a normal hierarchy. The
factor P (mγD , ε) corresponds to the probability that the decay of the γD or 3′0 happens
outside the detector, while δeff is a reconstruction efficiency. Within a Bayesian framework,
we set a 95% probability limit on the maximum number of signal events compatible with
the data, and then translate it into a bound in the (m1,m3) plane using Eq. (7.1). We
assume a Poissonian distribution for the number of events, and model the background by
using a log-normal distribution. The mass of the triplets must be larger than half the Z
mass to pass the constraints on the Z width from LEP. In practice, the particular value of
this upper limit is irrelevant because the likelihood is exponentially suppressed for (much)
lower values of Ns. We have thus assumed a flat prior on Ns and set δeff = 0.35 to
reproduce the bounds of Ref. [87] on the mass of supersymmetric particles. Using the data
from Refs. [87, 88], we obtain the 95% probability bounds on the number of signal events
shown in Tab. 6 in the channels with two or three leptons. Lepton plus photon searches and
searches for hadronic final states have larger backgrounds and give less stringent bounds,
see for example Ref. [89] and Ref. [90].
Figure 7 shows our recast in the plane (m1,m3) of the limit from three-lepton events of
Tab. 6, both for large and small values of ε. Let us first consider the limit obtained assuming
that ε is sufficiently small to let the dark photons decay outside the detector (red dashed
line of Fig. 7). When m1  m3, all four triplets are produced in the same amount and
15A more refined analysis should take into account the distribution of the number of events with respect
to the relevant kinematic variables, such as the transverse missing energy. This requires detailed numerical
simulations and, given the large number of final states, is beyond the scope of this paper. We leave such
analysis to a future study.
– 34 –
Production mode Primary decay products Final decay products B.R.
300 3±0 4γD ZW± 4γD `+1 `−1 `±2
(—)
ν2 1.7%
300 3±0 4γD γ W± 4γD `±
(—)
ν γ 6.4%
3+0 3−0 4γDW−W+ 4γD `−1 ν1 `+2 ν2 3.2%
3′ 00 3′ ±0 2γD ZW± 2γD `+1 `−1 `±2
(—)
ν2 1.7%
3′ 00 3′ ±0 2γD γ W± 2γD γ `±
(—)
ν 6.4%
3′+0 3′ −0 2γDW−W+ 4γD `−1 ν¯1 `+2 ν2 3.2%
30± 3±∓ 1+1− ZW± (2/4γD) 1+1− `+1 `−1 `±2
(—)
ν2 (2/4γD) 1.7%
30± 3±∓ 1+1− γ W± (2/4γD) 1+1− γ `±
(—)
ν (2/4γD) 6.4%
3+± 3−∓ 1+1−W−W+ (2/4γD) 1+1− `−1 ν¯1 `+2 ν2 (2/4γD) 3.2%
Table 5: Branching ratios into leptonic final states for each pair of triplets produced via
Drell-Yan processes, assuming a normal hierarchy. Upper (lower) indices indicate the
electromagnetic (U(1)3V ) charge of each particle. Leptons appearing in the third column
can belong to any of the three SM families, while the values in the fourth column report
the branching ratios into fully leptonic final states and include the branching ratio of taus
into lighter leptons.
Channel Nb Nobs Nmaxs
3 leptons with OSSF pair (+j) 69± 5.5 81 31.5
2 leptons (OSDF) (+j) 172± 17.5 170 41.0
2 leptons (OSSF) (+j) 269± 17 267 45.5
Table 6: 95% probability bounds on the number of signal events, Nmaxs , from the missing
energy searches of Refs. [87, 88] performed with 139 fb−1 of integrated luminosity collected
at the 13 TeV LHC. The number of background (Nb) and observed (Nobs) events is reported
in the second and third columns respectively. Leptons are either electrons or muons, and the
acronyms stand for opposite sign same flavour (OSSF) and opposite sign different flavour
(OSDF). The +j in brackets refers to the possible inclusion of one jet, since initial-state
radiation might be present.
they all decay to missing energy, contributing to the bound. As m1 increases, the charged
triplets become heavier and their production cross section is suppressed, so they gradually
become irrelevant. Furthermore, while the decays of 30 always give rise to missing energy
(either through dark photons or through neutrinos), when m3 < mγD the 3′0 cannot decay
into dark photons and thus also stops contributing. 16 The effective multiplicity of triplets
therefore changes from 4 to 1 along the m1 axis, implying the two asymptotes in the plot.
When ε is large and dark photons decay inside the detector, the only missing energy can
come from singlets or neutrinos. Thus only charged triplets contribute for low m1, until
16Decays 3′0 → V f¯f can give missing energy in the form of neutrinos, but in those cases the final state
usually contains too many jets or leptons to pass the selection of Refs. [87, 88].
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Figure 7: 95% probability exclusion regions in the (m1,m3) plane from collider searches of
events with three leptons and missing energy (first row of Table 6). The dashed red curve
assumes a value of ε sufficiently small to have dark photon decays outside the detector,
while the solid blue one applies for larger values of ε. Both curves assume m1 = 2mγD .
The gray thin dashed lines mark the different kinematic regions of Tab. 4.
the 30 switches from dark-photon final states to leptons and neutrinos (see Tab. 4). This
corresponds to an effective change of multiplicity from 2 to 1, as shown by the blue curve
in the plot.
Finally, it is possible to use the same approach to investigate the case where the dark
photons or the 3′0 decay inside the detector but far from the interaction point. Their
signature in this case is that of two visible tracks originating from a displaced vertex. Such
displaced decays occur in a range of values of ε that depends on m1 and m3 (and only for an
inverted hierarchy in the case of the 3′0). Since a single displaced vertex from any of the 2−4
dark photons produced in each collision is enough to yield a measurable signal, the reach
in ε is slightly larger than the naive expectation, but still confined to a relatively narrow
window of values. We made use of the searches for displaced dileptons and jets performed
by the ATLAS collaboration in Refs. [91–94]. Searches performed by CMS lead to similar or
slightly stronger results but they rely on tighter event selections or trigger requirements that
are not necessarily satisfied by our signal events. 17 Each search looks for decays occurring
in different parts of the detector (inner tracker, calorimeter and muon spectrometer), at
distances ranging from millimeters to several meters away from the primary vertex, and
is thus sensitive to different lifetimes of the long-lived particle. Table 7 shows the number
17For example, the CMS search of Ref. [95] makes use of the timing information from the ECAL to
identify long-lived particles and sets strong bounds. Deriving the constraints on our model from this and
other searches would require a dedicated Montecarlo simulation and is beyond the scope of this work.
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Search Integrated Luminosity Nb Nobs Nmaxs
ATLAS Dilepton [91] 32.8 fb−1 @ 13 TeV 0.27± 0.17 0 3.0
ATLAS Dimuon [92] 32.9 fb−1 @ 13 TeV 0.5+1.4−0.0 2 6.0
ATLAS Dijet [93] 36.1 fb−1 @ 13 TeV 0.027± 0.011 0 3.0
ATLAS Dijet [94] 35.9 fb−1 @ 13 TeV 8.5± 2.2 10 10.0
Table 7: 95% probability bounds on the number of signal events, Nmaxs , obtained from
searches for displaced dilepton or dijet vertices performed by ATLAS. The number of
expected background (Nb) and observed (Nobs) events is reported in the third and fourth
columns respectively.
Dark photon into dileptons
Neutral triplet into dileptons
Dark photon into dijets
Neutral triplet into dijets
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Figure 8: Bounds in the triplet-singlet mass plane for ε = 10−8 and m1 = 2mγD from
searches performed by ATLAS that look for displaced dileptons in the inner tracker [91]
and dijets in the muon spectrometer [93]. Regions with solid contours are excluded by the
decay of the dark photons, while those with thick dashed contours are excluded by the
decays of the 3′0. Since the latter has a smaller decay rate compared to the dark photon,
its exclusion region extends to larger values of m1. The thin dashed lines identify the
different kinematic regions of Table 4, and can coincide with discontinuities in the value of
the bounds.
of observed and background events – or the number of displaced vertices, in the case
of Ref. [92] – together with the upper bound on the signal derived within our Bayesian
approach. Figure 8 shows the corresponding constraints in the (m1,m3) plane obtained
for ε = 10−8 by computing the number of signal events through a formula analogous to
Eq. (7.1), where P now corresponds to the probability for the decay(s) to occur in the
relevant part of the detector. We display only the exclusions set by the dilepton and
dijet searches of Refs. [91, 93], since they give the strongest bounds; they were obtained
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by assuming an efficiency equal to δeff = 0.4 and δeff = 0.03 respectively. Notice that,
differently from missing-energy searches, in this case final states with jets are competitive
with leptons since they have equally suppressed backgrounds. The plot suggests that values
of m3 as large as the TeV can be excluded with displaced decays. The range of excluded m1
depends on the value of ε, as a combination of these two parameters controls the lifetime
of the decaying particle, while the yield of signal events largely depends on m3. Increasing
(decreasing) ε, in particular, would deform the excluded regions and shift them towards
smaller (larger) values of m1.
8 Discussion and Outlook
We have analyzed a class of dark sector theories characterized by a chiral GDC ×U(1)D ×
GSM gauge group where the vector-like factor GDC confines at energies higher than the
EW scale, while U(1)D remains weak and is spontaneously broken. We assumed that the
SM fermions are neutral under GDC × U(1)D and that the dark fermions transform as
non-trivial vector-like representations of the SM gauge group GSM . The minimal models
of this kind are listed in Tab. 1. They have four dark fermion multiplets and contain an
accidental U(1)3V ×U(1)V invariance that makes some of the NGBs and the lightest dark
baryon cosmologically stable. Among minimal theories with SM irreducible representations,
we found that only those with SU(2)EW doublets or SU(3)c triplets are realistic. In these
theories the DM abundance is reproduced by a pair of NGBs, the pi±, that are charged
under U(1)3V but neutral under the SM, with a subdominant component in the form of
dark baryons. We focused on the model with EW doublets, which predicts four additional
EW triplets in the NGB spectrum besides the pi±. We analyzed its cosmological history
and the constraints set by direct and indirect DM searches, as well as by collider data.
Our results are summarized by the plots of Figs. 9, 10 and 11. These show the allowed
parameter space in the singlet-triplet mass plane for values of the kinetic mixing parameter
equal to 10−6 (Fig. 9), 10−8 (Fig. 10) and 10−10 (Fig. 11). These benchmark values are
chosen as representative of the three possible scenarios that characterize the production
of the lightest dark states at high-energy colliders, i.e. those where dark photons decay
promptly, with displaced vertices or outside the detector respectively. The white region is
allowed by current data, while the remaining parameter space is excluded at 95% proba-
bility by collider searches (blue region), observations of gamma rays from dwarf spheroidal
galaxies (yellow region), and by requiring that the thermal abundance of dark pions and
baryons does not exceed the observed DM density (red region). One can further restrict
the parameter space to the region where U(1)D is weakly coupled at the dark confinement
scale. Naively, these points lie on the left of the dashed gray line shown in the plots. The
resulting parameter space has a finite extension and has been already probed significantly
by the current experimental data. Notice, in particular, that the mass of the triplets can-
not be much larger than ∼ 10 TeV, otherwise dark sector particles would overclose the
Universe. It is thus relevant to ask whether all of the physically sensible parameter space
can be tested at future high-energy colliders or by future astrophysical observations. The
dashed blue curves in the plots show the expected reach of a proton-proton FCC operating
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Figure 9: Isocurve of thermal relic density corresponding to the observed DM abundance
(red curve), in the theory with EW doublets with a = 1/2 and NDC = 4. Colored regions
are excluded by current data from LHC searches (blue area), observations of gamma rays
from dwarf spheroidal galaxies (yellow area) and by requiring that dark particles do not
overclose the Universe (red area). The dashed blue curve shows the expected exclusion
reach of a 100 TeV FCC with 20 ab−1, while the dashed yellow curve shows the sensitivity
of the CTA observatory from observations of the Galactic Center, assuming an Einasto DM
profile. Our assumption of a weakly-coupled U(1)D gauge factor breaks down naively for
points on the right of the dashed gray line. The plot assumes ε = 10−6, which corresponds
to prompt dark photon decays at high-energy colliders.
at a 100 TeV center-of-mass energy with 20 ab−1 of integrated luminosity, and have been
obtained by performing a naive rescaling of the expected LHC exclusions with the Collider
Reachβ tool [96]. Similarly, the yellow dashed lines show the projected sensitivity of the
CTA observatory from the observation of the Galactic Center [76]. Although points with
the highest values of m3 and an inverted hierarchy will remain inaccessible, most of the
parameter space can be probed both by a 100 TeV collider and by future observations of
the Galactic Center by CTA. The joint observation of a signal by the two classes of ex-
periments will allow a detailed test of the model thanks to the correlated prediction of
the particles’ masses, dark matter annihilation cross section and collider production cross
section. We expect that a similar or stronger conclusion can be drawn for the model with
SU(3)c triplets.
The existence of SM-charged partners of the DM is the key prediction that distinguishes
our theories from the chiral model of Refs. [25, 26], where dark fermions are SM singlets.
Both kinds of theories, on the other hand, lead to a similar DM phenomenology in terms of
one SM-singlet scalar field (the DM candidate pi±), plus a massive dark photon. These are
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Figure 10: Same as Fig. 9 for ε = 10−8, which corresponds to displaced dark photon decays
at high-energy colliders.
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Figure 11: Same as Fig. 9 for ε = 10−10, which corresponds to dark photons decaying
outside the detector at high-energy colliders.
the lowest lying states in the spectrum of new particles in a large portion of our parameter
space, and in fact characterize the low-energy limit of a larger class of DM theories studied
in the literature. It is interesting to analyze how much of the results we obtained on the
phenomenology of the DM relies on the properties of these infrared degrees of freedom,
and which are instead the aspects distinctive of our UV completion.
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The most general effective lagrangian which describes one scalar field pi± (the DM
candidate) plus a massive spin-1 field (the dark photon), and which is invariant under a
global U(1)3V , has the following form:
Leff =− 14F
2
µν,D +
1
2m
2
γD
A2µ,D + ε Fµν,DBµν + ∂µpi+∂µpi− −m21pi+pi−
+ ia3eDADµ (pi−∂µpi+ − pi+∂µpi−) + a4e2DA2µ,Dpi+pi− + . . . ,
(8.1)
where a3, a4 are arbitrary dimensionless coefficients and the dots stand for higher-dimensional
operators. For generic values of a3 and a4, this theory becomes strongly coupled at the
scale
ΛS ∼ 4pi
eD
mγD√
|a4 − a23|
. (8.2)
The easiest way to see this is by introducing the Stueckelberg field corresponding to the
longitudinal polarization of the dark photon by means of the field redefinition ADµ →
ADµ −∂µpi0/(eDf). The new basis makes the U(1) gauge invariance of the theory manifest,
and at the same time uncovers the terms responsible for the strong coupling scale, namely
the derivative interactions between pi0 and pi±. For the special choice a4 = a23 these terms
can be redefined away by a local phase shift of pi±, and the theory becomes UV complete.
This is very much analogous to the case of the electroweak chiral lagrangian plus a Higgs
boson, which becomes UV complete for values of the Higgs couplings cV = c2V = 1 (see for
example Ref. [97]). A relative strength a4/a23 = 1 between quartic and cubic couplings is
in fact what scalar QED would predict. Indeed, the limit of scalar QED can be recovered
by fixing a4 = a23 and letting mγD → 0.
The theory described by Eq. (8.1) with a4 = a23 and vanishing higher-dimensional
operators has been analyzed in the literature as an example of dynamics with a scalar
DM candidate plus a dark photon, see for example Ref. [49]. In that case the mass ratio
mγD/m1 is an arbitrary parameter. For mγD < 2m1 and sufficiently small ε, the theory
goes through an early phase of matter domination, which in turn leads to a dilution of the
DM relic density. The models studied in this work and in Refs. [25, 26] lead to different
values for the coefficients of Eq. (8.1). They predict
a3 = 1 + a , a4 = 4a , mγD =
√
2(1− a)eDf . (8.3)
In this family of points of the parameter space the effective theory has an approximate
enhanced global SU(2)L× SU(2)R symmetry, broken down spontaneously to SU(2)V at the
scale f . This symmetry is broken explicitly by the pi± mass term and by the gauging. The
pi± can be thus thought of as two additional (pseudo) NGBs, together with pi0. The value
of m1 is still arbitrary from the low-energy viewpoint, i.e. it depends on the UV completion
of Eq. (8.1). For example, it remains a free parameter if the UV theory is a linear sigma
model with fundamental scalar fields. Hence, while the relation among a3, a4 and mγD is
a consequence of the global symmetries of the low-energy theory and of their weak chiral
gauging, the prediction m1 ∼ eDf is specific to UV theories – such as those analyzed in this
work and in Refs. [25, 26] – where pi±,0 are bound states of new strongly-coupled dynamics
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at the scale f , and where the only spurion is the gauge coupling eD. The fact that the
DM and the dark photon have comparable masses (unless a→ 1) has specific implications
in the cosmological evolution and in the DM phenomenology. For example, it implies
that effects due to Sommerfeld enhancement and bound-state formations are negligible in
determining the DM relic density. Another prediction specific to our UV completion is
the role of higher-dimensional operators, such as A2µ,DW 2ρσ and pi2W 2µν , generated by loops
of triplets. They are the main interactions between the dark and SM sectors for small ε,
and in this case play a key role in the cosmological evolution. For example, as discussed
in Sec. 5.3.1, they keep the dark sector in thermal equilibrium with the SM bath until
low temperatures. If, on the other hand, the UV dark dynamics interacts with the SM
only through the kinetic mixing, like in the model of Refs. [25, 26], then the dark and
SM sectors might be thermally decoupled throughout their entire cosmological histories.
Predicting the DM thermal abundance in this case requires knowing the ratio of entropies
set during the reheating epoch. The dim-6 operator A2µ,DW 2ρσ is also crucial to ensure
efficient annihilations of the dark photons into SM particles. As discussed in Secs. 5.3.2
and 5.3.3, this process plays an important role during the freeze out and controls the
amount of dilution induced by long-lived dark photons (see Fig. 2).
These considerations make clear the importance of having a UV complete description
of the dynamics rather than just an effective theory. Crucial aspects of the cosmological
evolution might not be captured by the lowest-lying degrees of freedom. On one hand, this
is true because the cosmological relevance of a given process depends on its rate, which
can be large despite a small cross section if the number density is large enough. This is the
case of dark photon annihilation into SM vector bosons in our theory. On the other hand,
heavy degrees of freedom can contribute to the DM density if they are stable and have a
thermal abundance. Dark baryons are an example in our case. A top-down approach in the
search for a DM theory is thus justified and has its own advantages over strategies based on
effective models. Obviously, the landscape of UV theories is larger and much more difficult
to explore than that of low-energy ones. We tried such path by taking as a guidance the
following two criteria: the theory should generate dynamically all the new scales, including
the mass of the DM candidate, and the stability of the latter should be explained by
an accidental symmetry. This led us to consider strongly-coupled chiral gauge theories,
which represent an incredibly rich playground but, at the same time, are subject to highly
non-trivial theoretical constraints. The models analyzed in this work are interesting and
particularly attractive since they lead to correlated predictions for experiments at high-
energy colliders and for astrophysical observations. It is not clear, however, if a model
of this kind can be compatible with the unification of SM forces at high energies. Grand
Unification could in fact be taken as the third criterion to guide our search for the theory
of DM. It would be very interesting if a chiral gauge theory with all these properties could
be constructed.
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A Useful formulas for dark pions
In this Appendix we collect two useful results on dark pions.
The first concerns the vertices with three NGBs and one dark photon that appear in
the chiral Lagrangian. They have the following expression:
L0 ⊃ eD(a− 1)
f
[
gADµ εabc
(
s+pi
a
− + s−pia+
)
pi′bWµc −
ig√
2
ADµW
µ
a
(
pia+pi
b
− − pia−pib+
)
pib
+ 13A
D
µ ∂µ
(
pi′a(pia+s− + pia−s+)
)
+ i
3
√
2
ADµ εabc∂µ(pia+pib−pic)
−ADµ ∂µpi′a(pi+sa− + pi−sa+) +
i
3
√
2
ADµ εabcpi
a
+pi
b
−∂µpi
c
]
,
(A.1)
where SU(2)EW indices are denoted by lower case Latin letters (a, b, c) and, only for this
formula, s±, pia±, pia and pi′a denote respectively the 1±, 3±, 30 and 3′0.
The second result are the (tree-level) spin- and color-averaged partonic cross sections
for Drell-Yan production of pairs of dark pions. We find (here superscripts indicate the
electromagnetic charges and pi denotes any of the NGBs)
σˆuid¯j→pi+ pi0 = σˆu¯idj→pi− pi0 =
g4
576pi
|Vij |2√
sˆ(sˆ−m2W )2
(sˆ− 4M2) 32 , (A.2)
σˆuiu¯j→pi+ pi− =
g4
144pi
(sˆ− 4M2) 32√
sˆ
[
1
8
1
(sˆ−m2Z)2
+ 49 sin
4θW
(
1
sˆ−m2Z
− 1
sˆ
)2
+ 112 sin
2θW
1
sˆ−m2Z
(
1
sˆ
− 1
sˆ−m2Z
)]
,
(A.3)
σˆdid¯j→pi+ pi− =
g4
144pi
(sˆ− 4M2) 32√
sˆ
[
1
8
1
(sˆ−m2Z)2
+ 19 sin
4θW
(
1
sˆ−m2Z
− 1
sˆ
)2
+ 124 sin
2θW
1
sˆ−m2Z
(
1
sˆ
− 1
sˆ−m2Z
)]
,
(A.4)
– 43 –
in agreement with the results of Ref. [11]. Here M denotes the mass of the particle that is
being produced, which can be either a U(1)3V -charged or neutral triplet. For θW = 0 the
first cross section reduces to the sum of the other two, as expected by SU(2)EW invariance.
B Model with SU(3)c triplets
The other viable minimal model identified by the analysis of section 2 is a Type I theory
with SM color triplets (hence r in Tab. 1 is a fundamental of SU(3)c). From a qualitative
viewpoint, the analysis of this model closely parallels the one carried out in the main text for
the model with electroweak doublets, since the SM strong interactions are perturbative at
energies of the order of the dark confinement scales we are interested in. The approximate
global symmetry breaking pattern gets enlarged to
SU(6)L ⊗ SU(6)R ⊗U(1)V → SU(6)V ⊗U(1)V , (B.1)
so there are 35 pseudo-NGBs, one of which is eaten by the dark photon. They can be
classified as:
• Two color singlets, charged under U(1)D, the 1±. These have exactly the same
properties as the corresponding states in the model with electroweak doublets, and
thus constitute stable dark matter candidates.
• Two neutral octets charged under SU(3)c only, the 80,8′0. These are the analog of
the 30, 3′0.
• Two charged octets, the 8±, charged under SU(3)c and U(1)D. These are the analog
of the 3±.
The phenomenology is very similar to the electroweak case. Dark matter is still made of SM
singlets and the calculation of the relic abundance is unmodified. Heavier pseudo-NGBs
now transform as SM color octects (i.e. still in the adjoint of the SM group), and the
constraints from colliders are expected to be more severe. We leave the analysis of this
model to a future work.
C Boltzmann equations for long-lived dark photons
A complete description of the evolution of the dark sector during the freeze-out epoch would
include, in principle, all number-changing processes involving dark photons and SM-singlet
dark pions. Since the underlying theory is strongly coupled, every effective interaction
allowed by the symmetries is expected to be generated at some level. This leads to a
complicated system of coupled Boltzmann equations with many processes. It is possible
to obtain a simplified yet accurate description by identifying the leading effects and focus
our attention on them. We can distinguish the following classes of leading processes: 18
18Processes with dark photon absorption and conversion, such as γDψSM −→ V ψ′SM, where V is a
standard model gauge boson, can be safely neglected. Their rate is suppressed by ε2 due to CD and turns
out to be negligible when ε is small enough to have long-lived dark photons.
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• Pion annihilations into two dark photons, with cross section given by Eq. (5.7);
• Dark photon decays, suppressed by an ε insertion due to CD protection;
• Dark photon annihilations into EW gauge bosons, mediated by a loop of triplet pions.
This process is allowed by CD and has a cross section given by Eq. (5.18);
• Pion scatterings with initial or final state radiation: pi±pi± → pi±pi±γD or pi±γD →
pi±γDγD, with thermally-averaged cross sections 〈σpipi→pipiγDv〉 ∼ 〈σpiγD→piγDγDv〉 ∼
α3DT
4e−mγD/T /m61. This estimate relies on the assumption that mγD ∼ m1. 19
Assuming that the kinetic decoupling of the SM and dark sectors occurs at sufficiently
small temperatures and that entropy is conserved, 20 the set of Boltzmann equations is
thus given by (x = m1/T ):
dYpi
dx = −
1
x2
s(m)
H(m)
1
2〈σpipi→γDγDv〉
(
Y 2pi −
Y 2pi,eq
Y 2γD,eq
Y 2γD
)
,
dYγD
dx =
1
x2
s(m)
H(m)
[
1
2〈σpipi→γDγDv〉
(
Y 2pi −
Y 2pi,eq
Y 2γD,eq
Y 2γD
)
+ 14〈σpipi→pipiγDv〉Y
2
pi
(
1− YγD
YγD,eq
)
+ 12〈σpiγD→piγDγDv〉YpiYγD
(
1− YγD
YγD,eq
)
− 2〈σγDγD→SMv〉
(
Y 2γD − Y 2γD,eq
) ]
− x 1
H(m)ΓγD→SM
(
YγD − YγD,eq
)
.
(C.1)
We have checked numerically, by performing the corresponding thermal average and
including the kinematic cut to emit a massive particle, that 2→ 3 processes are subleading
and give a relative corrections of order 10−3 or smaller. The last term in Eq. (C.1),
corresponding to the decay of dark photons, is the only one that grows with x. It can be
neglected as long as the dark photon energy density is subleading in the energy budget of
the Universe and xΓγD→SM  H(m). We discuss the effect of the dark photon decays in
section 5.3.3. Neglecting these terms, we are left with the simplified system of Eq. (5.11),
which describes the out-of-equilibrium evolution of two species. Its numerical solution is
shown in Figs. 12 and 13 for a benchmark point with m1 = 100 GeV and m3 = 700 GeV. For
19For mγD  m1, instead, 2 → 3 processes are no longer Boltzmann suppressed and can be efficient,
keeping dark photons in chemical equilibrium until much lower temperatures – similarly to what happens
to CMB photons after recombination.
20This is a good approximation as long as the entropy from the dark photon decay products is negligible,
that is, as long as the dark photons’ energy density is subleading in the energy budget of the Universe.
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m1 = 100GeV
Figure 12: Thermal evolution of the dark pion abundance obtained by solving numerically
the system (C.1) with a = 1/2 and NDC = 4. The numerical solution for ε . 10−8 (solid
orange line) traces the combination (Y 2pi,eq/Y 2γD,eq)Y
2
γD
(dashed orange line) until the freeze
out. For comparison, we also show the thermal abundance of dark pions for ε > 10−8 (solid
blue line), corresponding to the ordinary freeze-out evolution of Eq. (5.6), and its thermal
equilibrium density Ypi,eq (dashed blue line).
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m1 = 100GeV
Figure 13: Thermal evolution of the dark photon abundance obtained by solving numeri-
cally the system (C.1) with a = 1/2 and NDC = 4. The solid orange line is the numerical
solution for ε . 10−8, while the dashed orange line corresponds to the thermal equilibrium
density YγD,eq.
If dark photons dominate the energy density, they can give rise to a dilution of cold relics due to entropy
injection, as described in Sec. 5.3.3.
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this choice, σγDγD→SM  σpipi→γDγD and dark photons are out of equilibrium during freeze
out, see Fig. 13. The dark pion abundance tracks (Ypi,eq/YγD,eq)YγD and is much larger than
the value predicted by a standard evolution until freeze out occurs, see Fig. 12. Despite
the different thermal evolutions and freeze-out temperatures, the asymptotic abundances
differ by less than 30% compared to the standard case in all the relevant parameter space.
D The Dark Photon
In this Appendix we summarise some useful properties of the dark photon, providing
formulas valid to all orders in ε and also at resonance mγD = mZ . These equations confirm
and extend the computations of Refs. [60, 62, 98], where similar results were provided to
first order in ε and away from resonance.
We start from a lagrangian written in terms of the ordinary SM gauge bosons Wˆ 3µ , Bˆµ
and a massive Zˆ ′ with a kinetic mixing term with the hypercharge gauge boson:
L =− 14Wˆ
3
µνWˆ
µν,3 − 14BˆµνBˆ
µν − 14Aˆµν,DAˆ
µν
D −
ε
2Aˆµν,DBˆ
µν
+ 12c
2
W mˆ
2
Z Wˆ
3
µWˆ
µ,3 + 12s
2
W mˆ
2
Z BˆµBˆ
µ − cW sW mˆ2Z Wˆ 3µBˆµ +
1
2mˆ
2
γD
Aˆµ,DAˆ
µ
D .
(D.1)
All the symbols with a hat (such as Bˆµ) refer to fields and parameters in the interacting
basis of Eq. (D.1). Symbols without a hat will refer to the same quantities in the mass
eigenbasis.
The mass and kinetic mixing can be diagonalized to all orders in ε through the field
redefinition
Wˆ
µ,3
Bˆµ
AˆµD
 =

sW cW cξ −cW sξ
cW −sW cξ − ε√1− ε2 sξ sW sξ −
ε√
1− ε2 cξ
0 1√
1− ε2 sξ
1√
1− ε2 cξ

A
µ
Zµ
AµD
 , (D.2)
where c, s are shorthands for cosines and sines, the subscript W identifies the weak mixing
angle θW , and ξ refers to a new mixing angle defined by the relation:
tan(2ξ) = 2mˆ
2
Z ε
√
1− ε2sW
mˆ2Z − mˆ2γD − ε2mˆ2Z(1 + s2W )
. (D.3)
We are left with a diagonal mass matrix with:
mγ = 0
m2Z
2 =
mˆ2Z
2 c
2
ξ +
εcξsξsW mˆ
2
Z√
1− ε2 +
1
2
mˆ2γDs
2
ξ + mˆ2Zε2s2W s2ξ
1− ε2
m2γD
2 =
mˆ2Z
2 s
2
ξ −
εcξsξsW mˆ
2
Z√
1− ε2 +
1
2
mˆ2γDc
2
ξ + mˆ2Zε2s2W c2ξ
1− ε2 .
(D.4)
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It is useful to express the currents to which the physical vector bosons are coupled in terms
of the currents for the original photon, Z and dark photon fields:
 J
µ
A
JµZ
JµAD
 =

1 0 0
− ε√
1− ε2 cW sξ cξ +
ε√
1− ε2 sW sξ
1√
1− ε2 sξ
− ε√
1− ε2 cW cξ −sξ +
ε√
1− ε2 sW cξ
1√
1− ε2 cξ


Jµ
Aˆ
Jµ
Zˆ
Jµ
AˆD
 . (D.5)
Decays
By virtue of its coupling to the SM sector, the dark photon is unstable and decays to SM
particles. Restricting to two-particle final states, that are more important than other ones
due to phase space suppression, the possible channels are
γD → f f¯ , γD → Zh, γD →W+W−, (D.6)
where f can be any SM fermion. The decays to fermions dominate the total width and are
mediated by the following interactions
L ⊃ Aµ,D
∑
gL,iψ¯L,i∂
µψL,i +Aµ,D
∑
gR,iψ¯R,i∂
µψR,i , (D.7)
where gL/R can be extracted to all orders in ε from Eq. (D.5):
gi = (T3L + Y )
εcW cξ√
1− ε2 −
T3LcW − Y sW
cW sW
( εsW cξ√
1− ε2 − sξ
)
. (D.8)
At leading order in ε, this formula reduces to the expressions reported in Ref. [98], up to a
factor of cW that is reabsorbed in the definition of ε. The tree-level decay width is given
by [98]:
ΓγD→ff¯ =
αemε
2Nc
6pimγD
√√√√1− 4m2f
m2γD
(
m2γD
(
g2L + g2R
)
−m2f
(
−6gLgR + g2L + g2R
))
. (D.9)
This expression is a good approximation above the bb¯ threshold, below which QCD correc-
tions must be taken into account. As regards the second channel of Eq. (D.6), the kinetic
mixing induces a coupling of the form
L ⊃ chZγDhZDµ Zµ, (D.10)
where
chZγD =
2m2Z
v
(
cξ +
εsW sξ√
1− ε2
)(
− sξ + εsW cξ√1− ε2
)
. (D.11)
The corresponding decay rate is
ΓγD→Zh = c2hZγD
(
m2γD −m2h −m2z
)2 + 12mγDm2Z − 4m2Zm2h
192pim5γDm
2
Z
×
√(
m2γD −m2h −m2z
)2 − 4m2Zm2h .
(D.12)
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The couplings mediating the third channel in Eq. (D.6) are of the form
L ⊃ icW sξ
sW
[
∂µZ
D
ν
(
W+µ W
−
ν −W+ν W−µ
)
+ ZDν
(
−W+µ ∂νW−µ +W−µ ∂νW+µ +W+µ ∂µW−ν −W−µ ∂µW+ν
) ]
,
(D.13)
and the rate is [99]
ΓγD→W+W− =
αs2ξc
2
W mγD
48s2W
m4γD + 20m
2
γD
m2W + 12m4W
m4W
(
1− 4m
2
W
m2γD
) 3
2
. (D.14)
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